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COVER MOTIF

The illustrations on the cover highlight significant
developments and Issues affecting current interest and
understanding of near-millimeter wave propagation
phenomena.

" Gaut and Regenstein empirical correction term to ac-
count for the discrepancy between calculated and

measured HlO absorption for fkaquencies below 1000
GHz,

"* First published spectrum of atmospheric transmission at
near-millimeter wavelengths-H, Alastair Gabble, Phys.
Rev,, 1957.

"* Weather chart station symbol Indicating meteorological
conditions which motivate consideration of near-
millimeter remote sensing for military applications,

"* H,0 phase diagram descriptive of the atmospheric
samtration conditions occurring in weather scenarios of
interest.

" Equation for the combustion of white phosphorus. The
pentoxide formed is extremely hygroscopic, generating
dense clouds of smoke capable of screening military
targets from weapon systems operating in the visible
and infrared,
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facts of atmospheric particulates (rain, fog, clouds, etc.), turbulence, measurement tech-
niqus, and the signature characteristics of a variety of targets and backgrounds at near.
millimeter (NMM) wavelengts. A summary is given of reseamb,. thrusts which would be
usetul in establishing a more reliable data base for evaluating nsaz'.milhlmeter wave systems
applications. Also included is a list of facilities arnd organizations actively involved in this
technology, plus a comprehensive reference list of current and historical literature pertinent
to the material In this volume.
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PREFACE

The desire to "see" through limited visibility and thus closer to the stage of engineering
environments such as fogs, clouds, and smokes development, were deemphasized. Thus, it was
has recently motivated substantial interest in that decided that the panel's efforts would be focused
portion of the electromagnetic spectrum having on that region bounded by the atmospheric "win-
wavelengths near 1 mm. This region appears to dows" at 100 and 1000 GHz (3 to 0.3 mm). This
offer an attractive compromise between the high portion of the spectrum excluded, for example,
resolution capabilities of infrared radiation and the more developeW3 X.Gl-iz- ,too. and was felt
the low loss propagation characteristics of micro- to represent thy ,-omnromise betwccn optics and
waves. The technology base for such millimeter/ microwaves mentr-..d earlier.
submilllimeter wavelengths is, however, extreme-
ly limited. The editors, by analogy to the designation of

various infrared bands, coined the name "near-
In early 1977, the U.S. Army Materiel millimeter" to designate that portion of the spec-

Development and Readiness Command trum of interest. Several advantages accrued
(DARCOM) and the Defense Advanced from the use of this new terminology. First, it
Research Projects Agency (DARPA) provided formalized the acceptability of a common
support to the Harry Diamond Laboratories for a meeting ground for optics and electronics, thus
comprehensive study of the status and projected encouraging a constructive Interchange between
future of milllmeter/submillimeter technology, millimeter and submilllmeter proponents,
With this goal in mind, the editors organized a Second, it eliminated the dual "millimeter/
study panel consisting of 50 scientists and submillimeter" designation so frequently used to
engineers, from government, industry, and describe that region around 300 GHz. Third, it
academia. Each of these individuals was careful- constituted a fundamental frequency band desig-
ly chosen on the basis of his recognized contribu- nation in powers of 10 which blended nicely with
tions to the technology, similar designations of other portions of the spec-

trum.
The full panel and. several subpanels mnet

numerous times over a nine month period. Their Having bounded their assigned task In terms of
first task, of course, was to define and bound the frequency, the "Near-Millimeter Wave Technol-
assigned Investigation. In this regard, It was clear ogy Base Study Panel" organized Into three sub-
from the outset that two, historically distinct panels:
camps of individuals existed-those working in
millimeter wave technology, and those working I. Propagation and Target/Background
in submilllmeter wave technology. Those with Characteristics
millimeter wave experience were approaching
the 1 mm region technology mainly from an I1. Components
electronics viewpoint, whereas those with sub-
millimeter wave experience were approaching I1. Applications
from an optics viewpoint. Obviously, it was Im-
portant to clearly define the spectral region of in- Reports were prepared In each of these areas by
terest for the panel. Since the panel was re- members of the panel. These in turn have been 'I

quested to examine specifically that portion of supplemented by considerable additional
the millimeter/submillimeter region wherein the material compiled from visits, conversations,
technology was in Its very early stages, those and further review of current literature by the
areas having had more significant past funding, editors. '
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The final output of this study effort is information relevant to the preceding three
presented in a four-volumeset, plus an executive volumes. It is hoped that these volumes will be
summary. This first volume (I) deals primarily found to be uteful as a general reference for re-
with propqation effects aane target/backpround searchers, system designers, and program
signatures. A Selected Bibliography, following managers whose interests extend into that por-
Chapter VIII, complements the literature tion of the spectrum wherein standard electronic
referene found at the end of each chapter. and optical techniques truly overlap.
Volume U deals with components, and Volume
III deals with specific applications of the Stanley M. Kulpa

technology. A fourth volume contains classified Edward A. Brown
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"The interest of the Navy and other services in this field is so great that the genera-
tion, propagation, and detection of such waves are the subject of an expanding
rhearch program in the Department of Defense today."

Rear Admiral R. Bennett, ONR
Symposium on Millimeter Wave,
Polytechnic Institute of Brooklyn
31 March 1959

"Now is the time for you workers in the field to come out of hiding and be
countedl All is forgivenl"

Leonard R. Weisberg, OUSDRE

Proceedings of the Sixth DARPA/Tri-Service
Millimeter Wave Conference
29 November 1977
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It is the intent of this chapter to provide square of the frequency. Gaut and Reifenstein 2

material which complements and somewhat ex- proposed an empirical correction term, Airy, of
Ipands the areas discussed In the following the form

chapters. Since the various other chapters were- . (d/) (1K

completed, the editors have had the opportunity Aj .9XI v d/m
to discuss and review considerable additional rTf\00

material. Important highlights of this material I
are preeted in this chapter, with numerous re- a-
cent references otherwise not found in the text.
By presenting the additional material, the editors
hope to provide an up-to-date volume which will
be Interesing, informative, and valuable for the
newcomers to near-millimeter wave technology
as well as for those whose expertise in NMMW
propagation and signature effects exceeds that of--
the editors.
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! this transform is constant over a frequency range
of at least 10' Hz. Thus, an excess dipole mo-
ment may exist for a time shorter than typical

100!r collision times of 10O S,

Figure 1-3 shows the results of chamber ab-
sorption measurements by Llewellyn-Jones,
Knight, and Gebbie at 213 GHz.' An excess com-

I ponent with quadratic water vapor pressure
* dependence is clearly evident, which strongly

suggests an interaction involving more than one
water molecule. The temperature dependence of
this quadratic factor (fig. 14) is considerably
larger than that predicted for equilibrium
dimers.' An explanation for this is being sought
in terms of non-equilibrium species. In general,
as discussed by Carlon,' the temperature and
pressure dependence of water vapor absorption
may be considered more complex than that
predicted for monomer species. It seems that
aside from line shape changes for explaining the
excess absorption, polymolecular or cluster-
type phenomena may be important, especially
for low-temperature, high humidity conditions.

____ _ Field measurements in the near-millimeter10t-i 100 101w region are extremely few in number. Of the data
FREQUINCV IOHi shown in figures I-1 to -4, only those point6 in

Figure 1-2. Discrepancy between measured and figure I-1 near 183 GHz are field data, whereas
calculated (Grow ine shape) atmospherc water the remainder are results from laboratory
vapor absorption. Solid line is the empirical corr.o, measurements. Those points near 183 GHz are
tion term for a water vapor density of I g/ml. T - the results of numerous workers, with attempts
300 K, P - 1000 mbar, to reduce the data to common meteorological

conditions. Other field studies which highlight
between the measured and calculated absorption some of the important propagation issues are
values may depend upon the impact assumption best discussed in terms of either horizontal- or.
used in deriving the collision line shapes. Instan- vertical-looking measurements.
taneous collisions are assumed, thus neglecting
any effects that occur within the duratlon of the Hogg's and Westwater's recent horizontal
time of the collision. Figure 1-2, however, sug. studies at 70 and 80 GHz7 ,' the results of which
gests that this assumption may be responsible for
the excess absorption that is observed. This may 1H. R. Carlon, Molecular Interpretation of the IR Water Vapour, Continuum: comments, Applied Optics, vat. 1 7, "a' 20 (15 October
be seen through the following arguments. Ben- 197•), 313-319p 5

Reuven' has shown that the absorption should be 0., T. Llewellyn-Jones, R. 1. Knight, and 1. A. Gobble, Absorption
by Water Vapour at 7.1 cm a,,d its rTe•perture Dependence,

proportional to V multiplied by the Fourier Nature, vol, 274 (August 1978), 876-878.

transform of the autocorrelation function of the ,1. X. Wistwater and D. C, Hfag, i•uidonce for the Quadratic
Dependence on Water Vapor of the Microwave Absorption Coeffl-

dipole moments. Figure 1-2 therefore implies that ctent of Moist Air, presented a. the URBI-National Radio Science
Meeting, Boulder, CO (January 1978).

_.'.91), C. Hogg, Measurements of 70- and SO.GH2 Attenuation by
'A. Ben.Reuovn, Advances in Atomic and Molecular Physics, vol. IWater Vapor on a Terrestrial Palh, preunted at the URSI-National

5 (1969), 201, Radio Science Meeting, Boulder, Co (January 1978),

6
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* - nents indicate an absorption, in excess of the
Smx monomer contribution, which

• I (1) Is variable in both strength and spectral
4I •distribution,

I .(2) Does not appear to depend in any sim-1 ple way on the standard meteorological variables
I0-of temperature or water vapor density,

! I (3) Is strongest at high levels of saturation
and appears to be particularly so when liquid

S* water or ice is present along with vapor in or
( 0 Vo near the absorbing path,

10

275 nK I (4) For a given amount of water, increases
I rapidly with decreasing temperature, and

5 - (5) Generally shows greater anomalous
absorption than laboratory measurements.

0 1 2 3 a
SvP 10

PARTIAL PRESSURE OF WATER VAPOR (TORR} w
FIare 1-3. Measured 21.3-GHz water vapor absorp-

dion dependence on the partial pressure of water
vapor plus 700 tort of nitrogen. The dashed line cor-
responds to monomer predictions.

are shown in figure 1.5, strongly support the cc
evidence of a square-law dependence on waier
vapor content. If, in fact, one attempts to 4C0.i
describe the data with a linear fit, the resultant o
absorption for zero humidity is not consistent
with the remaining oxygen absorption. "

Gebbie et al"'"* have reported horizontal - ,.,.,.
path measurements which indicate considerable =
structure in the absorption windows (fig. 1-6). 0
They have concluded that their field measure- . -

275 300 325

'R. 1, Emory, P. Moffat, R. A, Bohlander, and H.A, Gobble, TEMPERATURE (K)
M•surements of Anomalous Absorptlon in the Wamenumber Range
4 on'I - 13 er', Journal ofAtmosphirric and Trrrvutral Physics, vol. Figure 1-4. Measured temperature dependence of
37 (1975%), 57-5.

"R. ]. Emery, A. Zavody, and H1, A. Gabble, Further Me•surements quadratic water-vapor absorption components at
of Anomalous Atmospheric Absorption in the Ralpe 4 cm-1 - 15 213 GHz. The dashed line refers to predicted absorp-
cm", Ioural of Atmoopharic and Te"Wutrial Physics (submltted for tion of equilibrium dimers having a binding energy of
publication).

• H, A, Gobble, privale communication (February 1978). 0,16 eV.
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Figure 1.5. Masured dependence of termtrial path 10 b)
(1.5 kmn) absorption on absolute humidity.

Some of thes phenomena may be at- s"

Stributable to the difficulty of absolute calibration

and to the fact that extremely long integration I
times were used in performing the Fourier 0 2 0
transform spectroscopy. It is generally agreed
that during these times (of about 20 to 30 mrin),
local meteorological conditions can change con- Z 40 q
siderably and thus account for the lack of
reproducibility. What are Important, however,
are the strong absorption increases which con- 20-
sistently become more apparent at low temper-
atures and near saturation. After all, it is these %
very conditions which will prevail in a foggy 0 I I i i, I 4
European environment wherein near-millimeter 10 300 450

waves are postulated to be useful for remote sen- FREQUENCY (MHz)

sing. Figure 1-6. Atmospheric trans•ission over a 216-m
path; (a) mean temperature of 9 C, relative humidity

When investigating the different results - 95 percent, 1.85-mm precipitable water, (b) mean

reported for vertical propagation effects, one temperature of 2 C, relative humidity - 82 percent,
finds a situation quite similar to that of the 1,0-mm precipitable water, (---) indicates calcu-
horizontal studies. Figure 1-7 shows the results of lated monomer spectrum in both cases.
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I ~zenith opacity calculations reported in Waters .

review.' For comparison, Gebble's et al transmis- to-

sion measurement above Mauna Kea" is shown

Again, one may note the "excess," structured ab-
sorption in the atmospheric windows. As for the
horizontal experiments, controversy over these 1
results centers about the absolute calibration
techniques used and the long integration times
(30 min) required for adequate signal recovery.

02 g2

isi

2 06022 Il 4"

'Figure 1-8. Atmospheric transmission measured at
Mauna Kea, zenith angle, a dog. Solid curve repre-
sents nine.day average with mean water vapor con-tent of 1,9-mm precipitable water In path, Dashed

no H,O curve is theorelically predicted absorption, Displaced
error bars represent a standard deviation of noise on

1°11 1J• 1 do the spectra.a 100 In ND

Figure 1-7. Atmospheric zenith opacity from sea level Recently, Hills et all' have begun to report
calculated with water vapor, oxygen, and ozone ab- on their Fourier transform measurements of ab-
sorption contributlons. Model utilizes 1962 Standard solute absorption and emission in the range of
Atmosphere, Gross line shapes, and empirical correc- 100 to 1000 GHz, Using liquid helium-cooled
tion term. Curve including water effects assumes a detectors and very careful calibration pro-
lO-g/ml surface density with 2-km scale height. The cedures, they have obtained typical vertical
narrow lines most apparent for the case of no water measurements, such as that shown in figure 1-9.*
are attributable to ozone. The absence of structured absorption in these ex-

periments is striking. Hills feels that his

"R. E. Hills., A. S. Webster, 0. A. Alston, P. L. R. Morse, C, C.
Zammit, 0. H. Martin, D. PA Rice, and E. 1. Robson, Absolwte

11. W, Waters, Absorption and Emission by Atmospheric Gaus, Measurements of Atmospheric Emission and Absorption in the Range

Methods of Experimental Physics, vol. 12, Part B1, Ch 2.3, M. L. 100 - 1000 GHz. reported at the Third Intemational Conference on
Meeks, Ed., Academic Pres (1076), SMM Waves (April 1908); published in Infrared Physics, vol. 18, no.
"P. H, Mfefat. R. A, Bohlander, W. R, Macrae, and H. A. Gobble, 5/6 (1978), 819-025,

Atmosphere Absorption between 4 and 30 cm" Measured Above *R, E. Hills, Mu!lard Radio Astronomy Oburvatory, Cambridge,
Mauna Kea, Nature, vol, 269 (October 1977), 676-677, England, prluate communication (December 1978),

9
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measurements are generally consistent (wee fig. Only a few single-frquency measurements
1-i0) with the predictions as discussed In Waters! have been reported on zenith opacity in the near-
article. These calculations, it should be millimeter wave region. k-1 In an attempt to cor-

remeberd, uilie th lineU shape sand the relate measured absorption with tlvn total
empirical v1 correction term discussed earlier, It precipitable water content along the vertical *.

should also be mentioned that relatively short in- path, the assumption is often made that the con-
tegration times ("46 min) wer possible in these tent is linearly proportional to the surface
experiments, thus reducing the effects of humidity. As discussed in Waters' and Wrixon, 44
meteorological variability. such an assumption can be of limited validity.

Since, however, real-time simultaneous
measurements of condensed water have not yet
been made, the surface density correlation is
often used. Ideally, the method of choice would
be to use dual-channel radiometry for real-time
measurement of vapor antd condensed water

~ea along the observation path.

40 Plambeck's" 225-GHz measurmnents from
30 a 1-km site elevation are shown In figure I-11,

From that height, theory predicts zenith absorp-
tion, A, whose dependence on the surface water

IC vapor density, Q, varies as
10C 3200 400 5M CC 70 No 1100 1IW0

FFREOUENCY ION:) A(dD) - 0.30 a (2)

Figure m-9 Zenith ftrunihinon spectirum measured by
Hills et sl at Tenorif (3-GHz resolution, linear apodi- Figure 1411 shows a reasonably good correlation

zado, 6mbintewiln ~with this prediction if the observations through

100 cloud and rain cover are excluded.
go

For observations from sea level, the theory
predicts

soA(clB) -0.14 e (3)

I.W. Waters Ab.&orptlon and Emission by, Atmospheric Games,
go Methods of Experimental Physics, vol. 12, Part 1), CA 2J3, X. L.

Meeks, Ed,, Academic Press (1976).
10 "R. L. Piambeck, Mea sureens toof Atmospheric Attenuation near

~~225 Cl~st Con'elation wilth Surface Water Vapor Denslti, IEEE
0 L-ti-400 D 40 70 GO 90DIO Transactionse ont Antennas and Propagation, vol. AP-3.6 (September

FnEQUENCY(0Hz) 11G T, Wrixon and A. W. McMllean, Measurensento of Earth-Space
Zenih trmieson pectum a Tem~fu Attenuation at 230 GH&, IEEE Transactions on Micromwav Theory,

Figure 1-10. Zit anndnsetu atTmf and Techniques, vol. MTT-26, no, 6 (June 1978), 434419,
as cajculaWs by Kills st At. Calculations include the 'IF. 1. Shpmabukura and E, E. Epsetein, Attenuation and Emiulon of

0,, zO, nd 0 wih Gru lie shpes the Atmosphere at 3.3 mm, IEEE transactions on Antennas and Prop-
effects of Oa %,adOswt rs inahps ostion, vol. AP-1B (1970), 405,
and the empirical correction forn. Alttitude 2A4 km, "A. V. Sokolov. E. V. Sakhonin, and 1. A, Iskhakov, Attenuation of

wate coten 1 m, saleheigt 2kin andreslts Radio Waves. at Wisvu.Ientlu fromt 0,45 to 4.0 mm In the Earth's At-wate coten 1 m, salehe~ht kmandreslts mosphere through the Slant Paiths, presented at the Second Nomern-
smootherd to 3 -GHz resolution. tlonal Conference on 5MM Waves, San Juan (December 1976),

10
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W n and McMillan" have, however, found It Is interesting'3 that, at 225 GHz, the con-
tl'i 30-CHa dlear sky attenuation measure- tribution from the empirical v1 correction ternm
merits from Holmdel, NJ, yield required to match theory and experiment Is ap-

proximately 85 percent of the total absorption.
A4111) - 0.359 (4) The importance of understandinig the physical

origin of this term should, therefore, be clear.

The source of this discrepancy is not clear, 112 an -3kshw ditoa
thogh t ay e elaedto hesurac waer zenith absorption measurements near the
vapo corelaionas dscused arler.100- and 1000-GHz boundaries of the near-

milimte rginIn both figures, the best
strigh-lne itto hedata is Indicated.

a. -'

I.Is
3 9

SURFqACE WATER VAPOR DENSITY 4g/m3)

Figure 1-12. Zenith opacity measured at 90 GHz versus
surface water vapor density. Straight line is ai(dB)

~~0 I 017 + 0.06 Q(g/m').

asRACIWAtS AP~tDN5I~m1-2. HYDROMETEOIR EFFECTS
Figure 1-l1. Zenith opacity mneasured near 225 GHz
versus surface water density. Much of the scatter is As discussed earlier, near-millimeter wave
due to fluctuations in the distribution of water 17apor technology Is of interest primarily since near-
within the atmosphere, but most points lying more millimeter waves seem to offer the potential of
than 1 dB aboue the theoretical curve were obtained being able to "see" through fogs, clouds, and

whenlookng hrouh hevy umuls cludsor rin 1R. L. Plamnbeck, Measurements of Atmospheric Altitnuation near
showers. The theoretical curt)e was calculated as de- 225 GHs: Correlation with Surface Water Vapor Density, IEEE

scried y Waers usig a1-k sit elvatin ad a Transactions on Antennas and Propagation, vol, AP-26 (Septemberscried y Wter, uinga 1km iteeleatin ad a 1978), 737-7'38.
2-km" scale height for the water distribution in the at- 'IF. 1. Shimnabukuro and E. U. Epstein, Attenuation and Emission of

mosperethe Atmosphere at 3.3 mm. IEEE Transactions on Antennas and Prop-
agation, vol. AP-18 (1970), 485

___________"A. V. Sokolov, N, V. Suichonin, and 1. A, likhakov, Attenuation of
"11. T, Wrixon and X. W, McMillan, Measurements of Earcth-Space Radio Waves at Wavol~mlgths from 0,45 to 4t0 mm in the Earth's At-

'Attenuation at 2.30 GH&, IEEE Transactions on Microwave Theoryj mosphere through Ohs Slant Paths, presented at the Second Inuerna-
and Techniques, uol. MTT-26, no. 6 (lune 1978), 434-439. tional Conforenice on 5MM Waves, San Juan (Dtcember 1978).



smoke. Basically, fop and clouds consist of con- Experimental fog and cloud data in the
dmneed water droplets or ice crystals, suspended NMMW portion of the spectrum. are almost
in a medum of high relative humidity and, fre- nonexistent. Richard et all' at the Ballistic
quently,' low temperatures. It should be recalled Research Laboratories (BRL) have performed fog

thtthese conditions art similar to thasn under mneasurements over a 725-rn land path and comn-
wihorunderstanding of dlear air propagation pared those (fig. 1-14) wihRobinson's

1spoal5h ors.Ths o rpryitr measurements a 5G . Inbohcm ap
preting esrmnsi gvnmtoooia paratus was not available to properly
envromet one is left with the Important prolb- characterize the fog by particle density and size

tern of separadtin the attenuation effects of water distributions. Instead, the fogs were described by
vapor near saturation conditios and those of transmissonieter measurements of viaibility ac-
precipitafti water liquid or Ice. curate to :k10 percent. As can be seen from the

- figure, there is it considerable scatter of data
/ ~points when characterizing the fog by its visibilli-

A ty. This is not surprising since, at near-millImeter
wavelength, when drop sizes are small compared
with the wavelength, the attenuation is not very

35 / G~i .nsitivc to the drop size whereas, at optical
/wavelength, It is very sensitive to drop size. In

/ ~both the W5 and the 140-GHz cases, the attenua-

S /4¶¶ONx CALCULATED

13 lMAN
Is - 44MAR

In' .MA t
a At.* 34 pa

4'W .~ CAVrIULATED 10 - 1*HN DATA

3 A

TEMP EELOWOUC A, -FROM RONINION
24/0H TIMP. ABOVE 0-C A~ ~

.01L AA

/5,. ~~.01.1 I

I IIFigurel 14.Measilred and caulcatd fog attenluation

1 2 3 4 1 6 1 10 at 3Sandl14OGI~z.
DESOLUTE HUMIDITY uigmsi " V. W. Richard, 1, E. Kammerer, and R. G. Reitz, 140-GHz M~enus.

11gw [-1. Zn~thopaity tw~.~ ~411 ~ tonand Optical Viuibilityi Measurements of Fox, Rain, and Snow,
U. S.Army Ballistic Laboratories Memtorandum Report ARBRL.

667' GH% versus surface water density. Dotted points MR-2800 (ecsniber 1977).
measredby olartrasmisionundtringlepoit 'IN. P. Robinson, Measurements of the Effect of Rain, Snow, and

measredby ola trasmiio"andtriaglepoits Fost on 8,6-mm Radar Echoes, Proc. lH, London. vol. 203B

measured by atmospheric emission. (Septemnber 1955), 700-714.
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tions measured are larger than that predicted for ' -
radiation fop which more commonly occur over
land paths,

It is important to recognize that
throughout this discussion of reported
measurements of attenuation by hydrometcors I
(fogs, clouds, rain, snow, and hail), no
meteorological measurements have been made to
allow separation of absorption effects due to
water vapor, liquid, and ice along the propaga-
tion path. What is normally reported Is the "ad-
ditional" attenuation apparently due to the
hydrometeors, thus neglecting vapor absorption ____..........__

Seffects which, as discussed earlier, become par- It n
ticularly confusing near saturation, Another FOIQsNcv Mal.

problem discussed briefly In Chapter III centers Figure 1-15. Broadband Fourier transform mea.ure-
about the dielectric constant data of water and ments of fog transmission. Visibility approximately
ice for use in theoietical predictions of attenua- 50 m, 216-m path, Temp - 283 K, relative humidity

Stion. There is significant variability"' in these -95 percent. (Data obtained from H. A, Gebbie, pri-
data, particularly for temperatures lower than vate communication, 1978).
20 C and for the higher frequencies.

p Emery, Zavody, and GebbIeI0 have recent-
ly performed broadband fog attenuation
measurements using the Fourier transform
system discussed earlier. Results of these /
measurements are shown in figures 1-15 and -16.
As for the clear air spectra, structured spectral I

features which do not match predictions are seen FOG UNSITY
in the window regions. The level of structure was INCoRIASIN

observed to correlate with fog density an a
number of occasions, an example of which is I r
shown in figure 1-16. Three consecutive *.I jmeasured spectra are shown in conditions where p1

the fog density was slowly incrmasing. Structure I
in the window region is clearly seen to be
building up with the fog density. Aside from
these features, the overall attenuation levels at
230, 345, and 415 GHz appear to be very -

substantial.

"R. I. Emery, A. Zavody, and H. A, Gabble, Further Meaurements 0 1 4"

of Anomnalou Atmospheric Absop1 tion In the Runge 4 con" - 13 FRIGUENCY (GHil

co", Journal of Atmospheric and Terest~ral Physics (submltted for
Publication),

"V. W. Richard, 1. E. Kammerer, and R, G. Reitz, 140-GHzAItenua- FIgure 1-16. Broadband Fourier transform measure-
tio" and Optical Visibility Measurfmonts of Fog, Rain, and Snow•, merits through an evolving fog. (Data obtained from
U.S. Army iallitic Resarch Laboratories Memorandum Repor,
ARBRL-MR-2&O0 (December 1977). H. A. Gebbie, private communication, May 1978),
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JTh data an very limited for characterizing Correlation of the single-cloud type of at-
NMMW attenuation effects in clouds. The tenuation with frequency is a difficult task. In the
Soviets"'" have reported on a number of zenith same reports referenced above,"" the Soviets
cloud attenuation measuements using atmos- have attempted to analyze their measurements so
pheric emission and solar absorption techniques. as to provide some feeling for ths correlation.
The results of measurements of the average Table 1-1 lists their results for 75, 238, 411, and
attenuation values at 75 GHI are given In figure 667 GHz.
1-17 as dots, for six days with continuous
cloudiness from April to June 1976. The crosses TABLE 1-1. MEASURED ZE H ATTFNArTION r (dl)
relate to molecular zerith absorption values IN CLOUD5AV 0
calculated for a cloudless standard atmosphere.
The cloud attenuation is therefore taken to be the Freq.nU y (Glu)
difference between the dot and cross on a par- Clowd type
ticular day. On 11 and 12 May 1976, In the 75 2 411 "7
presence of high stratus and undeveloped A, - 0,16 0,6 1.9
cumulus clouds, the attenuation at 75 GHz Is S - 0.16 -- 1.5

negligible, On 10 May, in thm presence of low Cumulus 1.2 1,75 10.1 17.5
continuous cloudiness with fractus stratus and Cumulus coqstus 3 8.7 27 51.0
cumulup clouds, the attenuation reached 4 dB,
On 29 April and 2 and 7 June, in the presence of 'So ko. sukhonwe, mw ukhakmo, &od0.•nteruntonal conf.rence on SMMtr ,SoN Im" (Voceoiber ing,

stratus-cumulus and stratus clouds, the attenua- fn r •owu, s MM Atn s, . n the USSR, Thiml I.uatoI.tion was approximately 1,5 dB. Cotr"C.w ON SMM W00G.., IOo, Inm-eleij (AOI 1978).

The reliability of such data is difficult to
estimate because of the complexity of unfolding
the varying meteorological conditions as dis-
cussed earlier, The significant thing to notice is
the increasing attenuation with frequency and
that the largest attenuations for NMMW occur
for cumulus clouds.

A number of theoretical and experimental
efforts have gone Into the study of rain attenua-
tion in the NMMW portion of the spectrum.

_ _ _. ... _ _ Such studies are extremely important since rain
S., may very likely be the principal limiting factor to" et h cd aobtaining "all-weather" NMMW systems. Unlike

Figure 1-17. Zenth coud attnuation meumenents at the situation at lower frequencies, It Is not possi-
75 Gtu. Dots are the measured total zenith atmos- ble to accurately predict the attenuation from
pheric attenuation values for six days with contin- knowledge of rain rates alone because, at
uous cloudiness in April-Iwun 1976, The crosses repre- NMMW frequencies, the drop size distribution Is
sewnt the calculated contribution from a cloudless at- far more important in the calculation."' Perspec-
mosphere. tive on this situation may be gained by referring

__ _ _ _to figure 1-18, which shows expected attenuation

"A. V. Sokolov, F. V. Sukhonmn, and 1. A. lakhokou, Attenuatton of as a function of frequency as calculated by
Radio Wo"., at WaveWolu from 0.45 to 4.0 itm In the BArth's At-

"M o~ h t T h ro ug h the S la t P aths, p rese nted at the sec o nd hIte mr c-
ti,•l Conferenc on 6MiM Waite,,, San Ju.n (December 1976).
"L, 1. Fidassait, 5MM Atmospheric Research in th p USSR, ersented '"R, L. OWsn and D. V, Roges, the ab Relation in the Calculation

at the Third Ntetional Conference on 5MM Waes, Guildford, of Rain Attenuation, IEEE Transaction on Antennas and Propa•tloin,
Enlanid (April 1979). vol. ,AP-26, No. 2 (March 1978), 318-329.
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ULewellyn-jones and Zavody." They performed path. Ho, Mavrokoukoulaks, and Cole,'3 on the
comparison measurements at 110 and 890 GHz other hand, have recently made 36- and 110-GHz
and found an attenuation ratio of comparison measurements along a 4-km path

with rain rate measured near the receiver end.
a *02 They find that the measured ratio for attenua-

Rol a ti, 0.dor at these tWo frequencies is conistent with
"calculations based on the Laws-Parsons distribu-

In figure 1-18,*1 only the Joss distribution for tion. This Is particularly true for attenuatioas ex-
drizzle (very small drops) would predict an at- ceeding about 3 dB/km at 110 GHz and 1.5
tenuation of 890 GHz significantly greater than dB/km at .6 GHz, In this range,
at 110 GHz, Since the experiment was performed
in summer thunderhowers of about 5 to 2. (
30 mm/hr, it is unlikely that this distribution
predominated, thus indicating the importance of In a recent report from the Netherlands,
measurement of actual drop size distribution for Keizer, Snelder, and de Haan 14 have made de-
comparison of experiment and theory. tailed studies (vertical polarization) of ra.n at-

tenuation at 94 GHz on a 1000-m terrestrial path,
"Simultaneously, the rain drop size distribution
was measured with a distrometer, and the rain-

-: fall intensity was recorded with three rapid-
response rain gauges spaced 500 rn apart, Using

S-. _ the actually measured rain drop size distribution
and assuming spherical raindrops, the attenua-
tion caused by the rain was calculated with the

* aid of Mie's scattering theory for water spheres.
Figure 1-19 shows the measured and calculated
attenuations along with predictions based upon
var4jus drop size distributions, Figure 1-20 ex-

-.- presses, in detail, the agreement between the
, , measured attenuation and that calculated from

Figure 1-18, Calculated rain attenuation for various the actually measured drop size distribution. It
drop sze disisibutions at a rainfall rate of 5 nm/hr, can be seen that the agreement between the
(a) Laws and Parsons, (b) loss thunderstorm, (c) Joss theory and experiment is very satisfactory,
widespread, and (d) lou drizzle,

In a closely related Canadian study at 74
GHz, Kharadly, McNichol, and Peters" also

Additional attenuation comparison studies demonstrate the importance of proper rain
performed at 36 and 110 GHz by Zavody and characterization. They conclude that without
Harden" again clearly Indicate the sensitivity to measured drop size distributions and rapid, path-
drop size distribution as well as drop shape. In average rain rates, it is not possible to make con-
both the above experiments, it should be men- sistently accurate studies of rain effects. This is
tioned that the path lengths were relatively short , L Ho, N, D, Mazrokoukoulakia, and H, S, Cole, Rain Induced

(200 m), thus, it is hoped, circumventing any AttIL.Ho, Nat .36 0Hz and R SGH., IEEE Tncoleo, Atennd

question as to uniformity of rain rate along the and Propqgation, vol, Ap-26 (November 1976), 873-075,11W. P. M, N. Keizer, 1, Snieder, and C, D, do Haan, Rain Atstnua-
Ilon Measurements at 94 Ghz: Comparison of Theory and Expert-
"in ent, NATO AGARD (Conference Proceeding, No. 245 (February"ID, T. lwiy-oe and A. M. Zavody, Rainfall Attenuation at IV"•).

110 and 89 GHt. Blectronics Letters, vol. 7, no, 12 (I971), 321-322, 'M. M. Khnardiy, 1. D, McNichol, and 1, B, Peten, Measurement of
"A. M, Zavody and B. N, Harden, Attenuation/Rin Rate Reatlion. Attenuation Due to Rain at 74 GHz, NA TO AGARD Conforence Pro-

shaips at 36 and 110 GHz, Electronics Letters, uol. 12 (1976), 422-424, ceedings No, 245 (February 979).
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gI
partcularly evident from figure 1-21 where their -.- 46..

* attenuatioa measurements during the time Inter-
val T, are seen to dip to significantly lower val- .60

ues than during the interval T3, the correspon-
ding peak rain rates being comparable. The ver- 3.

tical component of wind velocity measured at the

lyupward with peak values up to 2 m/s; during
T3 twsgenerally downward with peak values

of I rn/s. This affects the instantaneous concer- I
tration of smaller drops in the signal path and 3 9.

thus the attentuation.

A"IY~ CIf,% aEA. I 2i5 a

TIME I 'SNE

4.01Rpr 1-1. elaive74-GHx tfasmidttd signa level
3.46andpathaveage ainrate v'ersus firme. Path length,

Richard et all' have measured rain attenua-
44 2 S 0 20 1 tion at 140 GHA together with rainfall rate and

RAINFALL PlAII ImmiHMI optical visibility. Interestingly, even over their
Figure w-1. measured (4,) and calclated (+) 9I4.oklx relatively short path length (700 in), the three
atteuaation venU rainfall rt.Calculated values distributed rain gaug4.s often showed differences4

Lderivd from meamured rain drop size distribution, of up to four to one. Their attenuationJ
*Path length, 1 km, measurements were performed when all three

gauges gave close agreement, thus somewhat
assuring a uniform rain rate. Figure 1-22 shows

~ 20 their measuremen~ts correlated with rate, The
* *... ~: * *scatter observed is roughly consistent withI j *, ~values spanning the various types of distribu-

* ..tions, as shown in figure 1-19. Figure 1-23 shows
* ~the correlation of the 1.40-GHz attenuation and

-" rain visibility measurements. The large scatter of
-3.0I the data Indicates a weak relationship. As0,2 a 2 61 0 20 so discussed earlier, thsstems'fo the fact thtthe

RAINFALL RATE (mm'HRI_______ ths ronha
'IV. W. Richard, 1. E, K~ammerer, and R. G. Reitz, 140-GHz Alte.nua-

F4Wur 1-20. Dliffe-mrce between measured and cal lion and Optical Visibility Mmasurements of Fog, Rain, and Snow,
U.S. Army' gafluislc Remearch, Laboralorlies Memorandum Rep'ort,culated rain attenuation at 94 Gui. ARBRL-MR-MWO (December 1977),
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140-GHz attenuation strongly depends on the Sn far, the discussion of rain effects has
total water, whereas the optical visibility is more centered on near-horizontal propagation paths.
affected by the s&mall droplets. Except for some widely varying measurements at

75 GHz reported by Sokolov et al,'" no zenith or
slant path rain measurements have been found.
Such measurements are obviously necessary to
Sassess the "all-weather" penetration capabilities.S: ~(In such an evaluation, attention must also be '

igiven to the often neglected fact that cloud at-
tenuation will also be present with that of the
rain.)

Richard and Kammerer of BRL have per-.
formed" rain backscatter amplitude and fluciua-

,, . *.. " tion measurements simultaneously at 10, 35, 70,
* •.:and 95 GHz with pulse radars F•v bnth linear and

S, . circular polarization. This rather comprehensive
L.WAU • lAV ... ,.HU report discusk, among other things, a par-

FFIgur 1-22. Measurel attenuation at 140GHz versut tlcularly significant experimental verification of
,,rawn rake. the expected decrease in rain backscatter above

. ._ - 70 GHz. The experiment verifies the long-
"standing theoretically predicted capability of
radar tc "see" a target of given size above rim i
clutter better at 95 GHz than at 70 or 35 GHz

SY when the same antenna size is used. No further
backscatter measurements were found for fre-

o. i 'Is quencies higher in the NMMW band.

S;:Finally, in the discussion of hydrometeor,. effects on NMMW propagation, it is important

S..that some attention be given to the condensation
and precipitation effects on antennas, No

... ,. published data have been found for condensation
effects, which one would expect to become in-
creasingly serious with Increasing fr, quercy. The

f : #.. BRL 140-GHz tests" have shown, however, that
".. rain falling on the lucite window in front of the

t ~ ~~ so `A 1 •[ 'AV, Sokolov, E, V Sukhomin, and 1, A. hikhakot. Atteiuatfun ol

Radio Waves at WaveIengths from 0,45 to 4.0 mm In the -artth's At.
VIGBlLITY Ikml mosphere through the Sloar Pa ths, presnted at thf Second Interna.

tlonal Conl!ree an SMM Waveso•n Juan (Deceinber MM.6),
1Figur 1-23. Measured attenuation at 140 GH versus 'V. W. Richard and 1., E. Kammerer, Rain Backscattipi. Mrsurtmnts

and Theory at Millimeter Wavelengths, U.S. Army/ Ballistic Raesarch
Visibility. Laboratories Report No, 1.38 (Octo•er 1975),
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receiving antenna can cause large and variable Cleary, water on reflector antennas and
attnutin.Mesuedatenatonof tiweed rorescan cause considerable losses. A wet

winow erss rinfll ateisshown in figure Teflon radome Is seen to introduce much less
1-24. degradation than complete wetting of the anten-

nantherefore, radomes can be a useful solu-
tinfrlong propagastion links where high rain

4 attenuations will be encountered. However, for
Id. short links, even the use of a radome may leave
III- the losses unacceptably high, thus requiring corn-

In IarW Richard et all" have performed 14:-GHz at-

tenuation measurements in wet snows and corn-
Rpe1-11. Attenuation efet u orifl na prdthese with other frequency mreasuremtents

ludg indw n fon ofreeiinganenns sedIn asshown in figure 12 rt qiaeto
i" zmeaseumoents of figure 1-22. 1 mm/hr liquid). Shown also an this figure are

1 mm/hr rain attenuation estimates obtahind by
Keier t a114reaize frm te bginingof averaging a number of calculations by different

their 94-GHz experiment that rain on the antenna atos2 nwatnaini ewe , n
or its cover represented a serious problem, times greater than rain attenuation for all the fre-
Therefore, tunnel hotislngs were used to shield quencies measured, In general, this is due to the

ther ntena. Hweerinordr o se o wat large, more irregular shapes of the snow
ethentwaero antennas, aoeer nd o radetosee owan precipitation and the fact that higher concentra-
degraen wtheacra of an enasuadre mens, cansre tions exist for the snow due to the low falldegrde he ccurcy f masuemens, seies velocities. The attenup -ion of snow very stronglyof artificial wetting tests were carried out on one depends on the moisture state of the snowflakes,
of the 1.2-mn Cassegrain antennas, Table 1-2 sum- Lammers"'1 reports that the measured attenuation

maries tesemeasremets.of very dry snow at 53 GHz is only one-sixth the
attenuation of rain, It can be expected that when

TABL 1-. WETIN TESS O 1-1m CSSEGAIN it Is very cold and the snow is dry, the attenua-
TABLE1- ANTETT N A AETS ON GH&n ASER tion will be very low, less than an equivalent rain

attenuation,

Condition Decreasle in antenna Balin Hail Is encountered much less frequently(dB) than rain-or snow and its duration is relatively

Whole antenna wet 3. o . short. Aganbekyan et all' have reported single
Only radome on feed horn we 1,8 to 3. scattering calculations for hails of varying
Only subreflector wet 1.4 to 2.1
Oniy main reflector wet 0.3 to 0.9
Only Teflon tieet in front of 0.6 to 1,0 "V. W. Richardandf. E. Kagmmerer, Rain 8.sckic.terMoasuremnengs

antenna wet (and Thaomp at Millimeter Wavelengths US. Army Ballistic Restarch
________________________ ______________Labor'atories Report No, 16.3 (Oviabor 1975).

"U. Larmn~or, Invosti~stions of the Effects of Preciplitatiort on Mm.
_________________Walli Propagation, Doctoral.Entigiasering Dissertation, Technik

"IV. W. Richard, 1. E, Kammerer, aid X. G. Reitz, 140-GHt AtIenwa- Universita t derin, D 83 (1063), Translation fly U.S. A'P.,y PlaTC-
lion and Optical Visibility Measurements of l'og, Raln, and Snow, Hr.23-0298-75, Defense Intelligence Agency Task No. 1T74180l
U.S. Army Ballistic Research Lsaboratorif, Memorandum Report, (1975).
ARBRL-vIR-2800 (Decemb er 1977). "K. A. Agarib kym.,, V. P'. Bityq.rin, A Yu. Zratheleu..y, A. 0.
"1W. P. M. N. Kelier, 1. Sdesiadr, and C, D. sie Ha~an, Rsln Atternua- layatn ov, A. V. OSokolov, a;,d E. V. Sukhonin, The Propagation of

lion Measureiments at 94 GHs: Comparison of Theoory and Expori- Subnaililnaeter, Infrared, and Visible Waves in the Eart h's Atmosp'here,
ment, NATO AGARD Con forn~co Proceed~Ins No. 245 (February Rstsprostraneoniye, Radiovoln, irnsrilist Ragdloreckliniki I Elrrtroaiikl,
1979). published by, Nauka (147A) 187-227,
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diameters and intensitied, taking the complex in- 1-3. TURBULENCE EFFECTS
dex of refraction of ice to be m - 1.78 - 0.00241.
An example of these calculations is given in table The effects of atmospheric turbulence on
1-3. NMMW propagation have only recently begun

____________ .. to receive attention. Frequently, one finds that
such effects hive been minimized because of sim-

" e. .. ple extrapolation from optical studies. Such sim-
NAM•AY•UA,,0 - I ple extensions of very complex theoretical results

1' *' which are based on numerous assumptions are of
cquestionable validity and are therefore worthy of
more detailed analysis and experiment,

!Articles by Fante,3' Davis," Lawrence,"

and Yura" provide very nice reviews of the
__physical basis for various effects of atmospheric
turbulence. The effects can include beam steer-
ing, Image dancing, beam spreading, image blur-

Figure 1-25. Measured snow attenuations as a function ring, intensity fluctuations, and phase fluctua-
of frequency. Snowfall rate of I mm (liquid)/hr. tons, Basically, the effects of turbulence on
(1) Robinson (1955), (2) Lammers (1967), (3) BRL, propagation are determined by the refractive in-
(4) Babkin et al (1970), and (5) Sokolov (1970). Com- index fluctuations along the atmospheric path.
parison curue shown for equivalent rainfall, These fluctuations are, In general, functions of

the position, I, and time, t, so that the Index of
TABLE 1.3. ATTENUATION IN HAIL WITh INTHENSTY refraction, n, can be written as

OF HAIL J - 10 mm/hr (equivalent watrvO

From Apmbakyian etoel, bmHttut A"dl•ekhAlki i Plectronikl, publuihed by n(,t) - 1 + n, 0, 0, (7)
Nambk (1175).

where ni Is the fluctuation in the index of refrac-
Attemuuton (dD/km) tion. It Is possible to assume that the temporal

Had per"te dismeter dependence of n, is due mainly to a net transport
(.MM) A 1.0 mm 0.1 nMM of the inhomogeneities of the medium as a whole

2.5 -. past the line of sight (winds) so that
252.7 2.0

5.0 0.9 .

10 .0 0.4 0,_ n•,t) - n,(I.-v(OW)t), (8)

p-.

No experimental data have been found in the
literature, and therefore relatively little can "R. L, Fante, Electromq•gntic Heam Propagation In a Turbulent
"definitively be said about hail. Obviously, hail Media, Proc. IEEE, Vol. 63, no. 1 (1975), 166s9-lQ,

atuin i 1, Davis, Cosilderatlon of Atmospheric Turbulence In Laser
Sattenuation will not depend strongly on Systems Design, Applied Optics. vol. 5, no, I (January 966), 139-147.
wavelength, since the sizes of lhailstones often "R, S. Lawre.ce, A Revewothe Optilcl Effects of Clear TurbulentAtmoephore, SPIE, Vol. 75 (1976), 2-8.

significantly exceed A in the near-millimeter 11H T. Yura, An Elementary Derivation of Ph•w. Fluctuations of an
"region, Optical Wave I•n the Atmosphere, SPIE, unvl 75 (1976), 9-15.
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where v(t) is the local "wind" velocity. This at a height, h, of 2 m, one expects" Lo to be of
assumption, known as the Taylor's frozen-flow the order of h/3 or 0.7 m, and thus in the domain
hypothesis,2 ' appears to hold in most practical where L. < V'W. In addition, except for some
cases of interest. Assuming homogeneous and aperture averaging estimates,2 0 most simple
isotropic conditions, the Kolmogorov model" calculations (plane waves) have ignored the fact
has been used to describe the index variations. that the transmitting and receiving apertures
Within a particular range of separation, r, and r2, contemplated for use in tactical NMM systems
the model yields have diameters of the order of 0.5 to I m. Thus,antenna near-field effects may be inmportant at

<I(t) - nowl-> - CXIt. - (9) wavelengths of I mm.

where the brackets denote an ensemble average No simple quantitative models of
and Cn is called the index structure constant, The amplitude fluctuations have been found for
separation range for validity of this model (often either the case of Lo < M or for antenna near-
referred to as the inertial subrange) is field operations. However, the Tatarski calcula-
1 << 11, - 121 << L., where Lo and 1o are called tions, for a plane wave with Lo > VfR shows the
the outer and inner scales of turbulence, respec- variance of the log-intensity fluctuations, a', to
tively. Lo and 1o may be thought of as the ap. be
proximate maximum and minimum of the eddy
,izos, In the atmosphere, lo ranges from a - 0log', - 23.39 Cnik 7 6R116' (dB,) (10)
millimeter to a centimeter and Lo for horizontal \ 1//
propagation In the lower atmosphere is about
one-third the height above the ground. For where k - 2n/l. Worst-case estimates,' for Cn
separations larger than L., the mean square in- are usually made on the basis of optical
dex fluctuation levels off to a value of the order measurements wherein Ch 2' 6 X 10"- m-2'1 for
C• L20 whereas, for separation less than I., strong turbulence. For this situation, equation
viscosity effects cause a very rapid decrease in in- (10) predicts minimal intensity variations for the
dex fluctuations. Given this basic model, one can wavelengths and ranges of interest for tactical
go on to quantify the various effects mentioned operations wherein Lo > V/W- With, for exam-
above. pie, I - 1 mm and a range of 2 kin, al 910.4

2(dB). Under similar limitations, it is also found36
Some of the important aspects of such that calculated phase fluctuation effects across

calculations for NMM wavelengths are best '.ae receiver aperture are negligible for antennas
discussed first in terms of intensity fluctuaticons. of reasonable size for tactical applications.
A theoretical description" requires consideration
of the problem in two separate domains depend- In utilizing optical constants for obtaining
ent upon the size of the outer scale of the tur- estimates of near-millimeter wave turbulence ef-
bulence compared to the first Fresnel zone along fects, one must realize that optical turbulence is
the propagation path of length R, These two "), 1. Davis, Consideration of Atmospheric Turbulence ii. Lamer

cases are when L, < V'XR or Lo >VX/ , Most Sysems Design, Applied Optics, Vol.5, no, I (anuary 1966), 139-147.

rough assebiments of turbulence effects in NMM "V. I. Tatarkhi, Wave Propagation In a Turbulent Medium
(Translatedfrom the Ru•ian by X, A. Slverman), McGraw-HilltBookwaves are based on Tatarski's calculations, valid Co., Inc,, New York (1961).

for the case L. > V7I, If, however, one has a "R. S. Lawrence and 1. W, Strohbdhn, A Survey of Clear-Air Prop
asa ln EWfals Relevat to Optfcaf Communtca4uct e, Proceedrins oepropagation range, say .-f 2 km with A - 1 mm, I 10 (October 1970), 1523-154,fýrw 91• 1.4 m. With a vehicle-mounted antenna ",F, R Hall, jt,, index of Refractioni Structure Piromeler in the Real
Atmosphere-An Overview, OSA Topical Meeting on Propagation

"R. L. Panit, Electromagnetic Beam Propagation in a Turbulent Through Turbulence, Rain and Fog, Paper TuCl (9 to 11 Auguat 1077),
Media, Proc, IEEE, vol. 63, no, 12 (1975), 1669-1692. Ail, 1. Gallagher et al, Application of 3ubmillmetr Wave Gigawatt

"11H. T. Yura An Elementary Deriuatiovi of Pha Fluctuations of a" Sources, Georgia Institute of Technology, Final Report GT/ESS, Pro.
Optical Wave In the Atmosphere, SPIE, tol. 75 (1976), 9-1ý, Ject No. A-] 717 (1975),

20

i i I I I . . . i i i "Y ~j ............ ... ........." •i"... .. .... ...... ' I j l. .



principally dependent upon atmospheric a series of papers4°" discussing their work on
temperature fluctuations and that varying water amplitude fluctuations at 36 and 110 GHz along
vapor effects are negligible. For near-millimeter a terrestrial path. They have compared the two
wavelengths, however, water vapor contribu- regions t.0 > V'XR and Lo < VXR and the ap-
tions to the index of refraction become Impor- plicability of Tataraki's theoretical predictions to

* • tant. Brown" has shown, figure 1-26, that for millimeter wavelengths,
microwaves evi0 GHz), statistical variations in
water vapor below a km can produce values of The comparison study was conducted over
C' that are more than two orders of magnitude a 4-km path using 0.5-m antennas approximately
larger than for the corresponding optical case 50 m above ground. Figures 1-27 and 1-28 sum-

- - (Cho), Thus, estlmates, for example, of ol based marize their results for Lo > VXK and Lo < V'f,
on optical constants may be in serious error. respectively. One-dimensional temperature spec- I
Armand et al' have looked at fluctuation effects tra, measured by a fast response. sensor, were
near the 920-!gm water line and found that, on taken for two purposes. First, to obtain an
the absorption center, the amplitude fluctuations estimate of the outer scale of turbulence and se-
(dB) were approximately fives times lower than cond, to ascertain whether or not the
in the 980-1m window. Kanevskil3' however, has Kolmogorov 2/3 spatial power law model
done theoretical analyses which indicate that discussed earlier was valid, It should be recalled
under certain conditions, dependent upon the that the temperature fluctuations of the sensor
range and outer scale turbulence condition, op- are caused by wind flow of the turbulence eddy

posite and more intense effects are possible. packets. For a given wind speed, the temperature
spectrum4' gives a good estimate of the refractive

From the brief discussion thus far it should K HD__a . t e• becler tat n unersandng f th efect el "K. L, Ho, , D, Mavrokoukoulakis, a.d R. S, Cole, Wavelength
be clear that an understanding of the effects of Dependence of SclntlillatiioFadingat 10 and 36 GHz, Electronics Let.
turbulence on NMMW propagation will require ort,V.ol, 13, no, 7 (31 March 1977), The.ffe3-o

"K. L, Ho, R, S. Cole, and N. D, Maurokoukoulakis, The Effect ofconsiderable theoretical and experimental effort. Wind Velocity on the Amplitude Scintillations of Millimetre Radio
Aside from the Soviet work discussed above, it Is Waves, journal of Atmospheric and Terrestrial Physics, vol, 40 (1978),
Sonly recently that other workers have begun the 44.1-448.l rR. S. Cole, K, L, Ho, and N, D, Maurokoukoulakls, The Effect of

*• experiments so necessary in this area, Ho, Cole, the Outer Scale Turbulence and Wavelength on Scintillation Fading at
and Mavrokoukoulakis have recently published Millimeter Wavelengths, IEEE Transactions on Antennas and Pro-

pagatlon, vol. AP.26 (September 1978), 71.•.715.
"""K. L. Ho, N, 0. Maurokoukoulakis, and R, S. Cole, Determinatlon

of the Atmospheric Refractive Index Structure Parameter from Refrac-
tivity Measurements and Amplitude Scintillation Measurements at 36

11W. D. grown, A Model for the Refractive Index Structure Constant GHz, journal of Atmospheric end Terretarial Physics, vol. 40 (1978).
at Microwave Frequencios, Sandia Laboratories Report SAND 76.0593 74S-747,
(February 1977), "N, D, Maurokoukoulakls, K, L. Ho, and R. S. Cole, Temporal

"ON. A, Armand, A, 0. Izlyumov, and A, V, Sokolov, Fluctuations of Spectra of Atmospheric Amplitude Scintillations at 110 GHz and 36
Submilllmote, Waves in a Turbulent Atmosphere, Radio Engineering GHz, IEEE Transactions on Antennas and Propagation, Vol. AP-26
"and Efecironk Physicsol. 14, no. 10 (1971), 1259-1266, (November 1978), 875-877.
"MI D, Kmnevskli, The Problem of the Influence of Absoaption on I "D. T. Gjesslng, A. G. Klelass, and E. Golton, Small Scale At-

Amplltude Fluctuations of Submillmeter Radio Waves in the At- moepheric Structure Deduced from Measurements of Temperature,
mosphetre, Izvestiya Vyuhikh Uchebnykh Zav, Radiofitlka, Vol. 15, Humidity, and Refractlue Index, Boundary-Layer Meterol, (1902),
no, 12 (December 192), 1939-.1940, 475,
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Index spectrum and size of the outer scala, average, figure 1-28(b) indicates o~o "o, 3 X
Figures 1-27(a) and 1-28(a) show the results of the 10-" dB2. This implies intensity fluctuations of
measurements. Given a measured wind speed the order of 0.2 dB. In recent battlefield, near-
and frequency of the slope chage in the spectra, ground propagation studies, Snider et al" have
one derives the outer scale of the turbulence. It is observed significantly greater power fluctuations
interesting that even at the 50-m height of the of the order of *2 dB and attributed these to
measurement, Lo was found on occasion to clear air turbulence.* It may be, however, that
average as low as 2 m. The measured -5/3 fre- the wide antenna beamwidths in these
quency dependence of the fluctuations is consis- measurements result in the inclusion of some
tent with what is predicted by Tatarski22 on the multipath effects.
basis of the Kolmogorov spatial model.

Figures 1-27(c) and 1-28(c) plot the
measured 110- and 36-GHz fluctuation ratios,
The mean vaiue for Lo > VAR is approximately
3,83, whereas for Lo < V/AR the mean is 9.81, As
discussed earlier, the theory for the fluctuations
in the Lo > V domain should vary as k7/6, This
Is consistent with the measured ratio. For Lo
<NA<Vk, Tatarski predicts a k dependence which is

3omb quadratic. Again this Is consistent with figure
1-28(c).

SFor L0 > ý/'lR, the closed form expression
limb for the fluctuations as discussed earlier allows

one to calculate CO from the measured data. Ho

t fluctuation measurements and X-band refractivi-
l0, • ty measurements of C~. These two techniques

yielded-over a one-hour period-respective
average values of CO of 0,25 X 10"" mrr' and
0.32 X 10"-4 m4r13. Thus, it appears that when L.
> !''R millimeter fluctuation measurements can
provide a rather good measurement of C•.

0 2 4 6 , 10 12 14 The question of the spectral content of the
ALTITUD• Ikm) amplitude fluctuations is important since the

Figure 1-26, Theoretical ratio of refractive index struc- fluctuations generally might be expected to occur
ture constants at radar (-10 GHz) and optical fro- in the low audio range and thus could con-
quenck. versus altitude with sea-level water vapor ceivably intefere with such things as ser-
presure as a parameter. vomechanism tracking loops which --rate in

the audio region, Mavrokoukoulakls have
Figures 1-27(b) and 1-26(b) show a corn- ", L He, N. D. Mevrokoukougaki-, and . S. Cots, D•terminato.

parison of the measured variances of log- of the Atmospheric Refractlve Index Structure Parameter from Refrac-
amplitude fluctuations at 36 and 110 GC-Iz as a tilvity Maasureiants, and Amplitude Scintillatio. Measurements at 36

lGHz, journal of Atmospheric and Teivrtrial Physics, vol. 40 (1978),function of time. It Is clear that fluctuationm at 743-74,

the different frequencies were very well cor- "D. E, S.•ider, , C. Wilt", and R. . McMil ln0, The 19#erts of At-
mospheor¢ Turbulence and Advers Weather on Near around 00- and

related. Assume for the moment that, on the 140-GHX Sys•aes, MIRADCOM Workshop on Millietemr and Sub-
millimeter Atmospheric Propagation Applicable to Radar and Missile

"V. L Titerski, Wave Propagation in a Turbulent Medium Systems (March 1979).
(Tranwflaed from the Russian by R. A. Silverman), McGraw-Hill Book *Editor's Notw' also sme 1979 Wilts et al refer•n.te in Selected
Co., Inc., New York (1961), Bibliography (Ch IX).
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found spectral dependencies at 36 and 110 GHz, are very"difficult and thus one very frequently
as shown in figure 1-29." The -8/3 power law finds that data presented and discussed in an at,-
roll-off is consistent with Tatarski's theory, as solute fashion are, in reality, quite dependent on
discussed by Ishimaru" and Fante.' a host of experimental conditions. In this regard,

there particularly appears to be little concern
given to the area of antenna effects-pattern
"shapes, near-field phenomena, etc. For example,
at wavelengths of about 1 mm and antenna aper-
tures of 0.5 m, the near-field region extends out

, ato approximately R - 2De/A - 500 mn . McGee
at BRL (1978 data, private communication) has

I - noticed that the fluctuation amplitudes observed
I , in his measurements near 100 GHz seem to be

dependent on near-field phenomena. There have
been some recent theoretical efforts by Haworth"*' et at" and vW. Welsbeck" to study such effects.P However, no conclusive results have yet been

"reached, except that it is clear that some atten-
tion must be given to antenna effects.

a "R, L. Fate, Electromagnetic Boom Propsagalion In a Turbulent
ruoaumv iNi Media, Proc. IEEE, vol. 63, no, 12 (1975), 166.-1692,

Figure 1-2, Frequency spectra of the amplitude fluctu- "N. D. Mavrokoukoulakls, K. L. Ho, and R. 9, Cold, Temporal
Spectra of Atmospherlc Amplitude Scintillations at 110 GHz and 36,atissm at Ila and 36 GHz, GHx, IEEE Transactions on Antennas and Propaglation, vol. AP-26

(November 1978), 87S.877,".,A. lshrmaru, Temporal Frequotnic Spectra of Multi.Frequencp
1-4. NTEN A EFECTSWaves In a Turbulent Atmosphere, IEEE Transactions on Antennae1.4. Aand Propqaation, vol. AP-20 (1972), 10-19,

"0D. P Haworth, N, 1, McEwan, and P. A, Watson, Effect of Rein In
A word is appropriate as to the perform- the Near Field of an Antenna, Electronics Letters, vol. 14, no, 4 (16

ance of accurate, absolute propagation Fev,,Wlembn c, Re~o bel N.hberelchslmpularadaranlagon,
measurements. Such measurements, of course, A.EU, band 30, heft 11 (1976), 429.
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11-1. ENTODUCTION The methodis tamed in the calculation
are 'ecrxbed and most of the absorption

11-1. 1 Background and Summary paameters are defined later In this section.
Because of the dominance of the H10 absorp-

Most of the attenuation of NMAM tion, this gas is treated separately. Contributions
wavelength radiation by the clsear atmosphere by the other gates are tJhen Included. Horizontal
near sea level is due to tht aosorption lines of atienuation at low alti~udes Is discussed In sec-
H~aO and 0a, Additional very weak absorption tion 11-2. The effects of decreased pressure And
results from the rotational lines of CO, Na0, ano H'lO density at high altitudes are illustrated in
O1, In the lower atmosphere, the absorption by the dis.ýýussiott of wetion 11-3. Five NMM win-
these Sames at any wavevenhth Is usually much dows have been Investigated further In order to
less than the absorption by l-{,0. In the upper at- determine the atkenwition as a function of
mospt~ere, where the H10 density Is very low altitude from the top of the aimosphere do~wn to
and collisional broi".dening of the lines is slight, various altitudes, Results of these calculations
one of thew~s minor cmnsfltuents may produce are presented in section 11-4.
most of the attenutation at a gier way-length,

Section 11-i deals briefly with possi-
The spectral curves of HI0 atte. j.. bit anomalous absorption by lHaO, particularly

ation versus wavenumber given In sectioris li-2, when the vapor Is near saturation, Uncertainties
-3, and -4 of thiw ciaapier are based on a cornbina, In the results arTM discwfsed in section 11-6.
tion of theory and experimental results obtained
by many workers, Air Force Geophysical U1-1.2 Graseous Composition of the
Laboratory (APGL) scientists' 'have compiled Atmiosphere'
and stored on magnetic tapt the essential
parameters of all the significant atmospheric ab- Approximately 99.97 percent of the
sorption lines at all frequencies up through the dry (no H2C0 vapor) air in the lower atmesphere
infrared. These 'line parameters served as ihae consists of Na, 78.09 percent; 03, 20.95 percent;
basis for calculated values of attenuation, and Ar, 0.93 percent. Several permanent consti-
Following a procedure similar to that employed tuents make up the remaining 0.03 percent, The
by Burch,' we have added an "empirical con- gases that contribute significantly to attenuation
tinuuxn" to the theoretical values to bring about In the NMMW region are lii~ed in table 11-1,
agreement with experimental results in the )t. along with their average concentrations and den-
mospheric windows. Although this procedure siisTh\als inInteal reasdo
lack* a rgorous theoreticia) basis, the r.-sults the 1962 U. S. Standard Atmosphere24' and have
probably represent all the accum~ulated H30 been used in the calcalations that are discussed
attenuation data in as simple and as accurate a below. For the present purposes, Ox, N20, and
form as is possible at this time. Data un the other CO can be considered uniformly mixed
gases (0s, CO, N20, and Os) that absorb In the throughout the atmosphere. The concentration
NMMW region are based strictly on the line-by- of 0, is highly variable in the lower atmosphere
line calculations, and i8 always much lower than It is at altitudes

between approximately 10 and 30 km.

IR, A. McCbgtctey, V., S. Beneditt, S. A. Ciough., E.i. Burch, R, F. _________

Coo# e, K. Fox, L, A. Rothimai, and/. S. Goring. AFCRL Aim oi pheric IS, L. Valfoy, Handbook of Geouphysics .jnd Space i6,wiropormemt,
At'iorptiott Lim#. Powrujotrs Compilatio", Air Fore* Catmbridg, AFCRL N190.~
Rvemorch Laboratoryj AFCRL.Tit-73.0096 (Januory 1973), 4R. A. McCIatchey, R. WV. Fenni, I. F. A. Selby, F. E. VoIx. un4 t. 5,

1D. E, Burc'h. ALjorptiom of hifraer. Radirnt bEmrgy by CO, 4md Garimit, Optical Pro.perties of the Air.hroclio (Revised).l
HO.lit.Absrptin b 11 -de~" . 0.5 a',d 36 em" (276 psm t., 2 AFCL-71-0279 Fmoiro,,menial Roxiiarcl, Paporm, No. 354 (10 Mov

con). lorumalafOpciJ~ Society of America, vol, 51' (1*382-13.2.3 1971).
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TABLE 11-1. ABUNCANCES OF ATMOSPHERIC GASES THAT ABSORB IN
THE NEAR-MILLIMETER REGION

Gas Altitude Total premure Concentration Relative

specks (kin) (atm) (molecale/cm') €oncentratlon

0, 0 1.00 5.34 x 10" 20,95 percent
4 0.61 3.37 X 10"

16 0.102 7,25 X 10"

NCO 0 1.00 7.12 x 10" 0.28 ppm
"4 0.61 4.76 X 10"2

16 0.102 9.67 X 10"

CO 0 1.00 1.91 X 10"1 0,078 ppm
4 0.61 1,28 x 10",

16 0,102 2.59 x 10"

CIS 0 1.00 6.78 x 10" 0,027 ppm
4 0.61 5.77 x 10"

16 0.102 3.01 X 10",

L H30b (See figure 11-2, relating HO conctntration to altitude)

0 1.00 1.98 x 10"- 5.91 6/m,
4 0,61 3,69 X 106 - 1.10 8ire0

16 0.102 2,04 X 10"3 - 6.1 x 10.4 B/m'

aConcentrations for all gives except HO correspond to HjO-free air,
bconcentrations given for HzO correspond to the 1062 US. Standard

Atmosphere. Other HO concentrations employed in the calculations are indicated
In the text. I gm 14,,01/ corresponds to 3.35 x 10" molecules/ cm',

Figure 11-1 provides a convenient Tabulated data have been plotted for altitudes
means of determining H20 vapor density hfon separated by 1 kin, and the points have been con-
date on temperature and relative humidity. If the nected by straight lines,
vapor density is required in molecules of H20 per
cm3, it can be found by muitiplying 3.35 x 10"6 As originally ptvblished,' the 1962
by the density in g/ml, U. S. Standard Atmosphere did not inlude H20.

However, an H20 distribution derived by Sissen-
p. The concentration of H11O is highly wine" has been added to the standard and is

variable in time, altitude, and geographical loca- given In an Air Force Cambridge Research
tion. Several different model atmospheres have Laboratory (AFCRL) report. Tabulated data on
been derived and used by various groups. Figure the Tropical and Subarctic Winter Models also
11-2 shows plots of HO vapor density versus appear in this same report,
altitude for three such atmospheric models. Of
the three models, the most representative single IS, L. Val eY. Hatndbook of Geophysics ond Space h'ntiro;ime,,ts,
model is the 1962 U. S, Standard. The other two APCRL (1965).•N. 5•etuenwtn, D). D. Granthath, amd H. A. Salemia, Humidity~ Upare trore representative of extreme conditions, to the Mesopause, AFCRL-68-0550 (1968).
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J ~ UUM,,I 2 J, 1 ~ *~I is the radiant power level transmitted through
.... the medium of interest, and bn is the power level

that would be observed with no attenuation. 4
Workers in different areas define the quantities
correspondIng to u and K in different ways, but
they must be defined in such a way that the

-- - product uK is dimensionless, The AFGL line
parameters' are based on a system of units corn-
monly used in the infrared which defines u as the
number of absorbing molecules in a square cm
cross section of the optical path. The quantity u

,' l In .. is, therefore, equal to the density N,
"molecules/cma times the path length L in cm. It
follows that the absorption coefficient (cross sec-

Fir li-.. Plots of H&O concentration versus temper- tion per molecule) K has the units of
atue for various peentag of relative humidity. crn molecules-'.

Workers in the millimL-ter region

propagation in terms of transmittance;, instead,

they express it in termA of attenuation measured
"in decibels (dB), The attenuation A in dB is defin-
ed by

'a ANdU) - 10 log (1,/1) 10 log (2)

Combining equations (1) and (2) gives

I 5.1 A(dB) - -10 LO1 T - -4.34 In T -. 4.34'NLK, (3)

af It is frequently convenient to express
the density of thc absorbing gas in mass per unit
volume rather than number of molecules per unit
volume. If K is to be retained with units of
""cm2 molecules-', N must be replaced by Q/m,

411 where Q is the density in g/cm3 and m is the mass
of each molecule, found by dividing the
molecular weight by Avogadro's Ntmber (6.02 x

a 2 4 o 1 io 1. 14 101-1 molecules per gram molecular weight). In
many of the calculations discussed below, Q is ex-

Figure 1-2. Plots of water vapor density versus pressed in g/mn, L is in ki, and the attenuation
ait~tude for three at coefficient is in dB/km.

Equation (3) can then be rewritten as
II-1.3 Absorption Praraeters and

Line-by-Line Calculations AL(dB/km) - A(dB)/L(kin) (4)
4.34 x 10' (cm/km)Q(S/nl)10-1(m/cm')K(cm'/iiolecule)

The transmittance of a gas sample -n(Slmolecule)

at a single frequency is given by an exponential /,c

eof the fom R A. MrCLatchuy, W. S. Btgiedfc, S. A. Clouh, D, E. L'urch, R.
equation o r calfer, X, Fox, L. A. Rolhman, and 1. S. Gadng, AFCRL At-

mospheric Abop•tilon, Line Parameter, Cowpllathon, Air Force Cam-
1" 1/10 exp(-uK) - exp (-NLK), (1) bridge Ktewarch Laboratory AFCRL-TR73-.0096 (•anuary 1973).
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With the units as defined, this equa- In a calculation typical of thosetion reduces to the following when the absorbing discussed below, the theoretical absorption coef-

gas is H2O (molecular wt - 18.0 and m - 2.99 x ficient (K - Tki cm 1molecules"1) is computed by
10"u g/iolecule), summing the calculated portion of the absorp-

tion coefficient due to each individual absorption
AL(dB/km) - 1.45 X 10xQK (for HuO) (5) line centered in the microwave, near-millimeter

and infrared regions of the spectrum below 6000The absorption coefficient K as GHz. Similar calculations are made for many
defined is unambiguous and has the important wavelengths, with the intervals between adjacent
advantage of being independent of the density of wavelengths small enough to retain all of the
the absorbing gas. On the other hand, it involves spectral structure. This requires that the spacing
the use of numbers with large exponents and is be no more than about 1/4 the half-width of the
somewhat difficult to relate to lengths and den- narrowest lines. Values of the attenuation coeffi-
sities normally used. Use of the quantity AL has cient, AL, for a particular HaO density Q are com-
the disadvantage that it is necessary to specify puted from the calculated values of K by the use
the density for which it is defined. This quantity of equation (5). Values of AL for CO, NjO, Os,
has the advantage, however, that the total at- and 0, are calculated similarly by using standard
tenuation by a path of known length can be densities of these gases.
calcultted from it quite easily.

Curves of transmittance for a givenFor convenience in comparing dif- value of u cam be obtained by applying equation'
ferent values of attenuation by H1O, we define (1) to the computed values of K. If two or more
an additional quentity At as the value of AL for gas species (such as H20 + O + CO) contribute
an HaO density of I g/ml. to the absorption at a given wavenumber, the

At- AL(dB/kr)/e(h/m3) combined transmittance T i6 equal to the product
of the individual transmittances,

A path length of I km (1 0s cm)
through an atmosphere with an H2O density of A very important parameter in the
I g/ml corresponds to an absorber thickness of transmittance calculation is tho shape assumed
0,1 g/cm1 , or to 0.1 precipitabl, cm of liquid for the absorption lines. Different shapes ý.tve
H2O. The units of g/cmn and precipitable cm of been proposed for NMM lines, particularly for
liquid H1O are commonly used by infrared those of H20, the major absorber. All theworktws. calculations represented below are based on a

modified version of thc Van Vleck-WeisskopfThe AFGL line-parameters tape in- line shape that is included in the following e'-
cludes heintensity SoI (sometimes called pression for the absorption coefficient

strength), center position vi, and half-width 0,i1
of each absorption line of significance for at- - vii - exp(-hv/kT)l ( Tod /1
mospheric attenuation from the infrared to the k 1 - vp(.-hv1/kT)J T,
microwave region, Also included is other infor-mation that is required to calculate the strengths

and half-widths at temperatures other than the 0) _ .2 1reference tempera-tures, Data are Included for the ( ) +•+( +v)+ (a 7)

permatt atmospheric gases: Nz, 0O, CO, f -

H2O, N20,C and 0. Only five of these,
PLO, Oz, CO, N1O, and 03 absorb significantly The line intensity So 1 corresponds
in the NMMW region and are considered be!ow, to kh. reference temperatur'e To (296 K). ThL
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value of Soi at any given temperature T Is essen- The modified Van Vleck-Weisskopf
tially independent of pi (thc half width of the line shape represented by equation (7) is one of
line), and thus Independent of total pressure P. the few shapes that have been suggested for H3O
The center of the line is given by vi and the point absorption lines in the Infrared and NMMW
of calculation by v. Er is the energy of the lower regions. Unfortunately, none of the proposed
state involved in the transition, If E' is large, So,I shapes lead to theoretical results that agree well
increases rapidly with increasing temperature. with experimental results, In the "windows" be-
Planck's constant and Boltzmann's constant are tween the strong H2O lines, the experimental at-
represented by h and k, respectively. The con- tenuation Is generally greater than the theoretical
stant d - 1.5 for H1O and O arid I for the other value by as much as 25 to 150 percent. The
molecules considered here. method of accounting for this discrepancy is dis-

Cussed, along with the results In section 11-2.
The line shape epresented by equa-

tion (7) has the obvious drawback that the in- Although none of the theoretical
tegral f kidv is infinite if the Integration is carried shapes is completely adequate, one feature Is
out over all wavenumbers. This rm!14s because common to all of them and is consistent with ex-
ki approaches a constant value wia vo>>. In perimental results obtained in the infrared and
the NMMW region, this is not a problem because NMMW regions. In the wings of a line whee
v is never large and is less than the values of vi for Iv - voI>>», the value of ki is proportional to a,
many of the lines that contribute to the absorp- which, in turn, is proportional to pressure (see eq
tion. In the calculations represented below, only (7) and (8)). Thus, in a window region that is
the 10 lines for which vi ( 6000 GiIz were in- well separated from any lines that contribute
cluded. significantly, the total absorption coefficient K

In the NMMW region, Doppler due to all of the lines is also proportional to

broadening of absorption lines is negligible for pressure. It follows from the above discussion
the present applications. Therefore, line that A1,, the attenuation in dB/km, is propor-
broadening is due solely to collisions of the tional to QP, the product of the density of the ab-absorbing molecules with other molecules. The sorbing gas and the total pressure. At most of the

half-width al of a line when the gas is at total altitudes of interest, the densities of Oa, N10 and
pressure P(atm) is given approximately by CO are proportional to P; thus, the attenuation

by the wings of the lines of any of these gases
1 0oi (To/T)f(P/Po) (8) varies as P1 and consequently decreases rapidly

with increasing altitude. In general, the attenua-
where P0 - 1 atm, and aoi is the half-width at tion by H2O decreases even more rapidly with in-
half maximum of the line at the reference condi- creasing altitude because of the rapid decrease in
tions. Values of ao,I listed on the AFGL tape are QH O.
based on the assumption that all the collisions of
the absorbing molecules are with N, molecules.
Thus, self-broadening produced by collisions of
the absorbing molecules with other molecules of LOW ALTITUDES

the same species is excluded. This assumption

probably does not lead to significant error in the
attenuation calculations for 03, CO, and N1O The method described la the previous sec-
because of the very low concentrations of these tion has been used to calculate the +heoretical at-
gases. Errors of several percentage points may be tenuation by H20 at zero altitude for the H0O
introduced by this simplifying assumption in the density (5.91 g/mal represented by figure 11-2 for
calculations for H2O and 02. These possible er- the 1962 U. S. Standard Atmosphere. The
rors are discussed in more detail in section 11-6. calculated values were then compared with the
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experimental results obtained by many different Burch.2 These data agree favorably with the
workers. In most cases, the experimental data are other limited data available from laboratory and
based on a different H,O density and had to be field measurements. Other data represented in
iadjueted to represent a density of 5.91 g/m'. No figure 11-3 are by Ryadov and Furashov,' Frenkel
adjustments were made for the differences be- and Woods,' Straiton and Tolbert,4 and
tween the gas temperatures. Dryagin, et al.'

In general, there is excellent agreement in A bibliography by Guenther et al' 0
the positions of the line centers; intensities and references many other papers and ',ports on

Sline widths also appear to agree well, although NMMW propagation.
these two parameters cannot be checked as ac-
curately as the positions, Serious discrepancies Most of the discrepancy between the theo-
occur between the experimental and theoretical retical andithe experimental results is probably

* attenuation coefficients In the windows between due to the lack of knowledge about the shapes of
the strong lines, The relatively high experimental the extreme wings of collision-broadened H20
values Imply that either (a) the theoretical line lines. Many very strong H1O lines centered at
shapes do not predict enough wing absorption or frequencies above the NMMW region contribute
(b) there is an additional source of absorption, to the absorption in the NMM windows. The
Dimers consisting of two HzO molecules joined shapes of these distant lines must be known if
together have been suggested as a possible addi- their contributions are to be calculated accurate-
tional source of absorption, Dimers and other ly.
possible sources of anomalous absorption are
discussed further in section 11-6, Rather than at- The theoretical contributions by all the
tempt the very difficult task of determining the lines centered below 200 cm-1 (6000 GHz) were
exact absorption mechanism, we have used a included in the calculations, Other calculations
combined theoretical-experimental approach to performed at a different time indicated that there
obtain spectral curves of attenuation that are is a negligible contribution to NMMW absorp-
realistic and adaptable to a variety of atmos- tion by the extreme wings of H20 lines centered
pheric conditions, above 6000 GHz, In fact, most of the calculated

NMMW attenuation by H20 results from lines
In order to bring about agreement be- centered below 1200 GHz (A > 0,25 mm). TheS ,twesn calculated and experimental data, we have separate use of the empirical continuum curve Is

added an "empirical continuum" to the values

calculated theoretically on the basis of the line , .Buch, Absorption of infrared Radiand Energy by C01 and
D, .Il., Abrpton by HO between 0.r 5 and 36 conor (278 yo to 2parameters. Curve A of figure 11-3 represents the cHI), lournal of the Optical Society of America, vol. 618 (1958),

calculated values after the empirical continuum, J24J4..t"Yor, V. Ry•adov and X. 1. Pur,,,hov, Intuestigaillon of the S)ctrmm
represented by curve B, has been added. The of Radowave Absorption by Atmospheric Water Vapor In the 1,15 to
data points shown in figure 11-3 represent several 1,5.m"n R#n81, Xaro Physics apd Quan.tu, Electronics, Vol 15, no,10 (Ortober 1974), 1124-112k.sets of workers, and in many cases a single data 'It., Frenksi and D, Woods, The Microwave Absorption by HjO
point represents the average of many original Vapor and Its Mixture with Other Gases •ltween 100 and30 GH2,

Proceedings of the IEEE, vol, 54 (I196), 496-505,
data points, Many apparently reliable data by 'A. W. Strtion and C, W. Talbeet, Anomalies In the Absorption of
various other workers necessarily have been Radio Wave, by Atmoapheric Gase, Proceedings of the IRE,'voi, 48
omitted. The results of different workers are ,y-A. Dryagin, A, G. Kislyakov, L. M. Kukis, A. 1. Nautnov,
generally in good agreement if the data were ob- andL .1 Fedomeyov, Measuremenits of Atmospheric Absorption ofRadiowaves; it 1.36- to 3,O-am Rangle, Izuestlya VUZ Radlophoyllca,
tained under well-controlled conditions. The vol. 9, ,o, 6 (19), 624-627,
data Illustrated by the points between 14 cm"1 "1B. 1). Guenther, 1, S. Bennett, W. L. Gamble, and R. L, Hartmon,

Subifilimeter Researrh: A Propagation Bibliography, U.S, Armyand 34 cm"1 are based on laboratory data of Missile Command, Technicai Report RR-77-3 (November 1976).
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Flgurv 11-3. Spectral plots of the attenuation by atmospheric l1O sit sea level. Cunle A represents a Combination
of theoretical and experimental results for an Hi") denrsity of 5.91 g/mtO Curve B corresponds to an empirical
continuum that is added to theoretical results to provide agreement with the experimental results represented
by the data points (superscript numerals represent literature references of Chapter 11). 0, Burch;2 0, Ryadovt
and lPurmahou,"' 0, Fronkel and Woods,? A, Straiton and Tolbert,-$ and T, Dryagin of al.' The transmittance
scale on the right-hand side corresponds to a I kmi path.

not inte~tdled to imply that such a rontinuuni ex- 40 g/nI' In hot, humid air. To a first approxima-
ists as a result of some separate absorption tion, the attenuation by a fixed atmospheric path
mechanism, It is, however, intemesting, that length at a fixed pressure and temperature may
values representcd by this stcooth curve do be taken proportional to the H3 0 density. The
rotpresent the difference between experimental deviation from this simple, linear relationship for
and theoretical results. As indicated above, this high H3 0 vapor densities Is discussed in section'I"extra" absorption may be due to unpredictably 11-6 and Chapter 1.
high absorption by the wings of lineso, or to CreAo iue1- ple olw
dirriers.. or te other sources that are not yetCtreA ffiue1-aplstoow
understood. If a line shapt other than the altitudes where the pressure is near I atm. This
modified Van Vlock-Weisskopf shape had been curve is based on the same H1 0 denbity
used, the values represented by the empirical (5.91 8/mlý as the corre':ponding curve in
continuum would be slightly differcrtt. But a con figure 11-3. However, the contributioris by 0-.,
tinuurn is still required to produce agreement be- 0,,, CO, and NaO are also included in the, curve
tween experimenta) results and theoretical results of figure 11-4, Of these four gases, only 01 makes
based on any of the widely itsed line shapes. a significant contribution for low-altitude atmos-

pheric paths. The 0.2 contribution represented by
the bottom curve La also much less than thd&t byIt

The HI0 vapor density (5.91 g/rni) on H20 except over a few narrow spectral Intervals.
which figure 11-3 is based corresponds to Thus, the two curN. Is labelled A in figures 11-3
approximately 46-percent relative humidity at and 11-4 are quite similar, The only significant in-
15 C (59 F). The actual density may vary in ex- fluence on c'urve A by the (J% h. the NMMW
treme cases from as low as approximately 0.2 region is near 1~5 mnm (4 cm-1. Very minor ef-
g/ml In very cold, dry air to as high as 30 or fects can be observed near 14 and 16 cnv'.
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F orn 14Spcmalparison, the attenuation byor this that terequired emkopiricat elvl aot ndu is pro

earns model absorption is approximately 0.2 portional to the product of total pressure and
dB/km in the 10-;inm window""-1 and less than Ha0 density (0,61 (1.10/5,91) -0.11). No ac-
0.1 dB/km ntear 3A8 jam." counting was made for the different

temperature in computing the continuum.

11-3. HORIZONTAL ATTENUATION AT The important difference In the attenua-
HIGH ALTITU S tion curve for a 4-km altitude is the decrease by

more than a factor of 10 in the attenuation in
Curve B of figure 11-4 corresponds to a the window regions. A few very weak liO lines

horizontal path at a 4-km altitude where the anid the 0, lines also make an observable, but
total pressure of the 1962 U.S. Standard At- small, influence on the curve for the higher
mosphere Is 0.61 atm. In obtaining curve B, the altitude.
appropriate temperature (-11 C) anid H%0 den-
sity (1.10 g/ml) were used to cal'vulate the line Figure 11-5 shows calculated spectral atten-
contribution. The amount of empirical con- uation curves for the 1962 U.S. Standard At-
tinuum added to the theoreical values was 0,11 mosphere at a 16-km altitude where the total
times the value given by curve B of figure 11-3. pressure is only 0.1 atm. All the absorbing gases
The constant 0.11 was based on the assumption have been included with the concentrations

________given in table 11-1. Comparison of figure 11-5
"I 'D. EBurchw, Sm-nulTcicmReot n.tgin with figures 11-3 and 11-4 revealls two major dif-

Absorption of Infrared Radiaiaton by Atmospheri Gaua, Contract ferences, First, the average attenuation is much
No, Fi9dZ5.tW-C-0263. Aeron utronic-Forc4 P0bl(cation U-4 75(aury M. B .badL ,Bbnulower In the window regions between the strong
"it. 9. Robrts, 1. H.Sly* n .M iemn nw~ o.H lines. This, of course, is due to the

tinuum Absorption byi Atmospheric Water Vapor (" 8-2-4 Win.
Aow, Appiead Optics, o, 1, n, 9 Sptme 1976)o, 208-2090. combination of lower total pressure and lower

"1R. W. Watkints and K. 0. White, Water.Vapor-Continuu H20 density. Second, there Is much more struc-
Absorption Meaenremedwts (1.5-4.0-gun) Using HDO-Deptieted Water,
Optics Letters, vol.1, no I (July 19"), 31-32. turo In the,.spectrum. The lines of all of the gases
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are narrower, because of the reduced collision 11-4. VERTICAL ATTENUATION
broadening at the low pressure. Because of the
greatly reduced amount of HO absorption, the It is necessary to calculate the vertical at-
lines of Oz, O, CO, and N20 can be observed, tenuation on the basis of the assumed vertical

distributions of the gasts and on the known
WAV1WGNMIU dependence of attenuation on pressure and tern-
i i, to W ., perature,

The most accurate calculation of the ver-
tical attenuation would require dividing the at-
i mosphere into several layers. The appropriate
temperature, pressure, and gas concentrations
would be applied to each layer, and the attenua-
tion would be calculated. Spacings between the

S0 adjacent wavenumbers where calculations are
0_4[ .. . made would necessarily be very small in order to

WAVINUM661s.-m-I preserve the spectral structure, At very high
114 34 - ' altitudes, the pressures are low and the absorp-

dULMY 10Wi tion lines are very narrow. Thus, the spectral in-

terval between points must be much narrower
of than is required for calculations of lower atmos-

i--pheric attenuation. After the appropriate calcu-
j•j• lations have been made for each layer, the atten-I ,• ~uations by successive layers are added together

I ,to yield the combitied attenuation.

U A-l i Calculations of the type just described for
the entire NMMW region are very expensive and

- I beyond the scope of the present study, In addi-

tion, the accuracy of such calculations would be
limited because of the lack of knowledge about

WAVINUMIN.l am
1

1 line shapes, effects of temperature change, and
s possible anomalous absorption, However, by

making a few simplifying assumptions, it Is
Figure 11-5. Sp•ctral plot of calculated horizontal atteS- possible to perform some zenith attenuation cal-

uatlon at 16-km altithd?,. No enpirical continuum culations with an accuracy that may be adequate
for H10 has been added to theoretical values, All for many applications, Although errors of
perm,~nent almospheric gases have be. n included, several percent may be introduced by making the

assumptions, the results may be as accurate as
The average broadband attenuation is the assumed atmospheric composition,

quite low for long atmospheric paths at high
altitudes. Only a few decibels of broadband at- Figure 11-6 shows the results of calcula-
tenuation are predicted for paths of as much as tions of the vertical attenuation in five different
100 km, If a monochromatic source is to be used windows, The center of each window I in-
over very long paths in the upper atmosphere, dicated, and the interval over which each curve
particular attention must be paid to the possible applies is given in the legend. The width of each
wavelength coincidence of the aource and the ab- Interval is chosen so that the attenuation coeffl-
sorption lines. cdent varies within approximately ± 10 percent
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IS-km altitude. It was assumed that the attenua- altitude." For the Subarctic Winter Model, the
tion coefficient AL is proportional to the product corresponding equivalent horizontal path is
QP in accordance with the discussion of section somewhat longer, approximately 2.7 km.
11-1.3. For example, from figure 11-3 we see that
the average attenuation coefficient AL in the 22.2
cm-' window is approximately 50 dB/kin for Q 1-5. ANOMALOUS ABSORPTION
5.9 S/m 1. The attenuation in a given window by
each atmospheric layer was found by multiply- Workers at Appleton Laboratory in
ing the average value of QP by 0,169 (- 1/5.9) Slough, England (see references 6, 9, 10, and 11
times the average value of AL from figure 11-3. in Chapter 1) have published a series of letters
Values of the attenuation of successive layers and papers that present experimental evidence of
were then added. anomalous HO absorption that is not predicted

theoretically for the simple HO monomer (single
This method of calculation ignores any in- HaO molecule). Emery et all' discuss the ex-

fluence of changing temperature in the at- perimental m2thods and present spectral data in
mosphere. Infrared data" on the absorption by the 4 to 15 cm-1 (120 to 450 GHz) region, The
the extreme wlngr of HaO indicate that the ab- amount of this anomalous absorption Is difficult
sorpt~on Increases rapidly witb decreasing tern- to relate quantitatively to HO density and tem-
perature. No existing theories on line shape ade- perature, the two parameters on which it is ex-
quately predict this observed behavior. It wems pected to depend most strongly. In general, the
likely that the effect of temperature on th%, wing absorption is much more prevalent when the
absorption in the NMMW region also cannot as H0 vapor is near saturation. It has been sug-
yet be predicted reliably, Thus, a sophisticated gested that other H20 molecular complexes in
calculation of zenith attenuation that Is based on addition to the dimer are the source of this ab-
the theoretical line shapes could very well pro- sorption, Lack of equilibrium between the dif-
duce results that are no nmore reliable than those ferent complexes could account for the inability
obtained in this relatively simple manner. of the experimenters to obtain reproducible

results.
If the temperature dependence is the same

in the NMMW region as in the infrared, the The strongest maximum in the anomalous
values indicated by figure 11-6 are more likely to absorption occurs near 13 cm'•. At this position,
be iow than high. It seems likely that the true the anomalous portion of the absorption coeffl-

, values are more than 50 to 100 percent higher cdent was found to be more than 45 dB/ktxi for a
than those indicated for the high altitudes where laboratory sample with T - 25,5 C, relative
the temperatures are lowest. The expected error humidity, 80 percent, and H20 vapor density of
is less (25 to 50 percent) for altitudes below ap- 19 g/m3. Smaller peaks were observed near 8.5,
proximately 3 km. 9.0, 10.2, and 11.2 cm-'. The relative hr-ghts of

The calculAted attenuation in the Tropical the peaks were not reproducible and were quite

and 1962 U.S. Standawd Atmoipheres from a
0-kmalttudeto l~e op f th atosphre s ap "RVV.Mcifllan, 1. 1. Gallagher, and A. M, Cook, Calculations of

0-krn altitudc to tl~e top of the atmosphere is ap- A,•ntenna Tamperature, Horixontal Path Attenuation, and Zenith At-
proximately equal to that of a 2-km path at 0-kmn tenu•iuon Due to Water Vapor im the Frequency Band 15I-700 Gilt,

IE•ETras, M¢•oav•Theory and T,,chnlm~uea, v~ol. MTT.25, no, S

(lull# 1977), 48(.486.
"R. 1, Emery,. PA Moffat, R. A. 0ohlander, and H. A. Gobbie.

Memsurenients ot Anomalous Atmospheric Aborption Iht the

"ED, E8mrch, 0. A. Gryvvnak, anmi G. H. PI or, Infrared Absorption Wuvttiwnbfr Rang* 4 cm"I- 5 ctm', Iouwral of Atmospherickd Taer-

by H0 aor4 NO AFCRL-TR-.3 -0530 (July IR'3), rostriaj Physics, vol, 37 (1Y75), 57.-54,
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different for samples in a multi-pass cell than for Ford-Aeronutronic have also found evidence
open air samples, These data point out the need that the shapes of self-broadening infrared lines
to consider the spectral structure of the of HaO are different from Na-broadened lines,
anomalous absorption as well as that of the HzO Workers" in ihe same laboratory have also
monomer when selecting the wavelength of found that the same is true for COs absorption
operation for any near-millimeter system. lines. The major differences in the shapes of both

CO and HO lines occur in the extreme wings.
Calculated values of attenuation based on In view of the inability to predict infrared

the curves of figures 11-3 through 11-6 may be op- absorption by a single, relatively simple line
timistically low under conditions that are con- shape, it is not surprising that the same problem
ducive to anomalous absorption. There is an ob- exists in the NMNMW region,
vious need for additional research designed to
bring about a better understanding of this prob- Equation (8) for the half-width of absorp-
lem. tion lines is based on the assumption that all the

collisions of the absorbing molecules are either
with molecules of N,, or that the collisions with
other molecules have exactly the same broaden-

11-6. ACCURACY AND ASSUMPTIONS ing effect as a like number of N, molecules. This
MADE IN CALCULATIONS assumption is valid when the absorbing gas is

mixed very dilutely with N,; collisions of two
Several assumptions were made in molecules of the absorbing gas species are then

calculating the attenuation values given in negligible. When dealing with air, it would be
previous sections. The most important assump- better to relate the half-widths to a mixture of
tions involve (1) the modified Van Vleck- one fifth 0, and four fifths N,. The broadening
Weisskopf line shape, (2) the validity of an em- ability of 0, is approximately the same as that of
pirical continuum to account for the difference Na in the infrared, The same is probably true in
between the experimental and theoretical attenu- the NMMW region; therefore, only small errors
ation, (3) the lack of a dependence of H*O wing are introduced by treating N2 as the only signifi-
absorption on temperature, (4) neglecting self- cant non-absorbing broadening gas and using a
broadening by HIO, and (5) exclusion of pressure equal to the sum of the 0, and N, par-
anomalous absorption in atmospheric applica- tial pressures.
tions. Each of these assumptions was made
because of the lack of reliable data to account The most serious potential errors in ignor-
properly for the effect Involved. This sub-section ing all broadening except that by N, arise from
deals with these assumptions and the expected the self-broadening of H20 lines. Partial
errors that result in calculations, pressures of H-10 seldom exceed 3 or 4 percent of

the total pressure in air, However, collisions of
Burch' has shown that experimental data absorbing HO molecules with other HO

on, HKO attenuation cannot be predicted ac- molecules are much more effective than HAO-N,
curately over the entire NMMW region by a collisions, Line broadening data on H1O lines
single theoretical line shape. The disagreement throughout much of the infrared indicate that the
between theory and experiment is worst in the broadening by a given number of H20 molecules
windows where the nearest lines are several half- is equivalent to approximately five times as
widths away. Burch and his co-workers14 at 'many N, molecules. Liebe and Dillon" have

""fD'. R, Burch, D, A. Gryiinak, R. R, Patty, and C. E. BartkY, Ab-
,., E. Burch, Absorption of Infrared Radiant Energy by CO, ara sorption of Infrared Radiant Energiy by CO, and HO. IV, Shapes of

/it.. 111 Absorption by 11,0 butwioen 0.5 and 36 cns' (278 Mm to 2 Collitlon-Broadened CO. Lines, Journal of the Optical Society of
mr), Journal of the Optical Society of America, vol. $8 (1958), America, vol. 59 (2969), 267-280.

1,302-1394. 1'H, 1, Liebe and r. A. Dillon, Accurate Foreign.Gas-Broadening
"D, E Burch, D, A, Gryvnmak', and G, H. Piper, InfraredAbsorption lParametetv of the 22.GHt HsO Line from Refraction Spectroscopy,

by H.O and NQO, AFCRL-TR-73-0503 (•uly 1973). Journal of Chemical Physics, vol, 50 r1969), 727-732,
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demonstrated that this same ratio between self- molecules, Burch' has found that this is also true
broadening and Na broadening also applies to the for the 22 cm- and 28 cm" windows. We con-
0.71 cm" (22 GHz) and 6.1 cm-1 (183 GHz) Hj0 dude from all of these data that the proper ratio
line.. Thus, it is probably safe to assume that the for line widths is approximately 5:1, and that the
same ratio applies throughout the NMMW wings of a self-broadening HO line absorb more
region. than the wings of the same HzO line if it is

broadened to the same width by NM. Note that,
It follows that the half-width of an HjO by definition, the half-width relates only to the

line IN more accurately given by the following conter portion of a line and not to the wings.
equation than by equation (9) for a mixture of Two lines of the same intensity are said to have a
H30 in N21  different shape if they absorb differently in the

wings when their half-widths are equal.

-(j, + SPHOO The corab'hed influence of self-
OI jbroadening due tQ changes in the half-widths and

so the shape. may be much greater than would or-
, (P + 4P.,O) dinarily be expected because of the low concen-

tration of H30. All the ditcussion in sections 11-2,
-3, and -4 is based on the absorption coefficient K

The half-width of the H10 line is equal to being independent of the HO density p, and A1,
a0 when the HzO is mixed very dilutely (PH,o << therefore being directly proportional to Q (see eq
PNJ) in I atm of N& at temperature To. The totri (4)), The self-broadening may increase the values
pressure, H20 partial pressure, and Na partial of K enough to cause the attenuation to be
pressure are indicated by P, PHo, and PN,, considerably higher for high H1O density than
respectively. Under a quite humid condition, would be predicted from the equations based on
PHO could be as high as 0.04 atm. This leads to a data obtained at lower densities, For example, If
16-percent increase in a for P - I atm over its Q N 30 g H20/rt1 (PHi,o 0.04 atm) the
value if PHO were negligible, calculated atteiuation in the 22 cma' and 28 cm"'

windows may be low by as much as 20 to 40 per-
Self-broadening of H20 lines also in- cent. This error due to self-broadening could be

fluences the absorption in atmospheric windows even Sreater in the lower wavenumber windows;
by another mechanism that mny be more impor- it is unlikely that it would be less than 20 percent.
tant than the change in c. This results from the
apparent difference between the shape of the All the calculations discussed in sections
wings of a self-broadened line and that of an 11-2, -3, and -4 are also based on the assumption
N2-broadened line. The absorption by pure Hj0 that the only influence of changing temperature
and by HO + N2 has bten investigated exten- on K is that due to the change in a (see eq (8)).
sively in many narrow windows throughout the Again, data on infrared windows indicate that
infrared. Of special interest are windows in this assumption is not completely valid; it is also
which mnuch of the observed absorption is due to probebly not entirely valld in the NMMW
HO lines centored more than about 1.0 or 20 region, In general, the wing absorption decreas.s
cm-' from the point of measurement. In all such
windows, the influence of self-broadening is
more than five times the influence on ID. H. Burch, Absorption of I.frared Rudiant Energy Ly CO. anid

H,O. IIll Absorption by HO b.tween 0.5 and 36 r,-" (279 poi to 2
Nz-broadening by the same number of N, cn), lou ,al of Optical Society of Ameica, vo,. SS N,), 13&3-1394.
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with Increasing temperature at a faster rate than broadening be known. The temperature
'e is predicted by simple line-shape equations, This dependence must also be known.

unexplained temperature dependence is more
prouounced for self-broadening than fov The extra absorption not predicted by
Na-broadening. High H:O densities necessarily theory has been attributed by some workers to

j occur with high temperatures. Therefore, the dimers. This source of absorption has also been
temperature effect may partially cancel the self- used to explain the large ratio between the effects
broadening effect discussed in the previous of self-broadening and N, broadening in win-
paragraph, dows. Dimers may be responsible for some of

this absorption, but it is unlikely that they are
responsible for it at every wavelength where it

Available data in the microwave and has been obrerved, Infrared lines of several gases
millimeter regions were not generally obtained have been shown to have different shapes forunder conditions that were controlled well self-broadening than for N1 broadening. It is

flenough to provide much information on the in- reasonable to expect that the same Is true in the
fluences of temperature or self-broadening. Data NMMW region. Absorption by the wings of self-
at 3.8 and 4.3 mm by Crawford and Hogg (see broadening H20 lines has the same dependence
description of technique in Chapter VII) do in- on H•O partial pressure as does absorption by
dicate an increase in the attenuation per km per dimners. The absorption per unit length at a fixed

unit density (Ap as defined in eq (6)) with in- temperature is proportional to (Pi.,o)1. This
creasing HsO density. This could be explained in similar dependence makes it very difficult to
terms of self-broadening. Unfortunately, O0 ab- determine experimentally-which type of abaorp-
sorbs at these two wavelengths, and the Hj0 at- tion is being observed.
tenuation was determirned by subtracting the O0
attenuation from the measured total attenuation. The anomalous absorption below 15 cm"'
"Variations it temperature undoubtedly produced that has been observed by the group at Appleton
variations in the amount of O0 attenuation, Laboratory contains distinct absorption features
which, in turn, increased the uncertaint' In the that are not produced by adding a continuum to
H1O measurements. theoretical spectra of the H20 monomer. It has

not been possible to relate this anomalous ab-
It seems likely that the Van Vleck- sorption quantitatively to HaO density and

Weisskopf line shape included as a factor in temperature although it is most prominent at
equation (7) is valid for both self-broadening and high relative humidities. Ryadov and Furashov'
N, broadening with'In a few-tenths of a cma, or have studied H.O attenuation between 5.5 and
even a few cm-1, from the line centers. The in- 6.5 cm-', a portion of the region where the Ap-
fluences of both self-broadening and Na broaden- pleton Laboratory group observed distinct
Ing must, of course, be accounted for in anomalous absorption minim.- and maxima.
calculating a. Most of the deviation from the Ryadov and Furashuv did not obseve any struc-f simple shape probably occurs beyond I cm' ture; therefore, it i, difficult to determine under
from the line center; this deviation depends what conditions the anomalous absorption is im-
strongly on temperature and is different for self- portant. Under conditions of very high relative
broadening than for N2 broadening. The use of humidity, the total attenuation Including
the empirical continuum discussed in secLion 11-2 anomalous absorption might well be much
has some physical basis in that it could represent greater in the 7.2 and 11.5 cm"1 windows than is
the "extra" absorption due to the extreme wings predicted by figures 11-3 through 11-6.
of very distant lines as well as that due to devia -...

tions from the Van Vleck-Weisskopf shape. ,'Y. V. Ryadov ond N, 1. Furasjiov, Igvostatiott (f the Spectrutm

eof the empirical continuum requires Radiowave Aboorptiorn by Atmospheric M.otr Vapor hi the L,15 to

Proper use l5r.mt Range, Radio Ph ysics ap Quaotuni Electro,,ics, vol. 15, no,
that the portions due to self-broadening and N, 10 (October 1974), 1124-1128.
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The curves labelled A in figures Il-3 and would be calculated by assuming that the at-
11-4 are based on results of many different ex- ttuation Is directly proportional to Ki-O densi-
pariments carriedl out un~der many conditions. ty, .. i

Therefore, the uncertainties in the attenuation
coefficients In the windows are difficult to The curves of zenith attenuation by H3O I IN
estimate, Thos presented fqr the 22 and 28 ca' in figure 11-6 are based on the curves of figures
windows are probably accurate to 15 or 20 per- 11-3 and 11.4 and are subject to the same terors,
cent. Values presented for lower wavenumbers Additional errors undoubtedly arise because of
are more uncertain because the data weie obtain- the differences in H1 0 density bnd temperature I
ed under less-controllWi conditions. Of course, in the upper atmosphere, These variations may
the application of them rmulti to the real at- not be accounted for properly. Values of total
mosphere Is subject to the additional uncertainty zenith attenuation may be In error by as much as
in the atm*opheric composition. Self-broadening SO to 1I0 percent at high altitudows the ,rrors are
in atmospheric paths with high HO density mAy probably les than 25 to 50 ptrcent at low
produce 20 to 30 percent more attenuation than altitudes.,

?

ti
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1,i

ll-1. INTRODUCTION Attenuation (often called extinction) is
normally broken down into absorption and scat-

The extinction of radiatlen by particles is tering. The cross sections appropriate 'o these
a very old and well-developed field of physics, quantities are defined as follows for individual

L and for the purposes of radar, Is very well under- particles.
stood. The difficulties arise because of the lack of
precise data characterizing scattering media, S Scattering cross section
such as the shape'of dust particles, the degree of Iower t n 4w steradlens
asphericity of rain droplets, particle size dlstribu- Powe - (W.)
tions and temperatures, and the refractive indices Incident power densityof the particles. 0 Absorption cross section

The exact relationships for the extinction Cabs - Power absorbed as heat (Ib)
of electromagnetic radiation by small particles Incident power density

were first obtained by MI#. in the early 1900's and • Extinction or attenuation cross
many subsequent treatments of the subject are section
available. Notable among these are Stratton' and
Van de Hlilst.' An excellent treatise of the (ic)
general subject has been edifted by Kerr3 ,ext - C'b. +

The particular effect of atmospheric par- Backscattering cross section for the
, Ba;.scattering region in the far field of

V ticulates which is most important depends on the the antenna
kind of system under consideration, For moro-
static radar systems, backscattering from aero- Backscattered power (1d)
sols limits the contrast between beam on and off Cbc I n Incident power dcnoity /d
target and often the range at which a target can
be detected and tracked. Wide-angle scattering These four quantities are normally complex func-
and absorption remove power from the beam tions of the shape, size, dielectric properties of
and will limit either range, where no contrast the particle' and the frequency of the incident
problem occurs, or the signal-to-noise ratio, rcdiation, Following normal practice," the nor-
where one does occur. Forward scattering nor- malized cross sections or efficiencies, Q, can be
mally shows up as an attenuation mecha:nism expressed in the following manner for
where flood-illuminated targets against a non- homogeneous spherical particlest
cluttered background are being encountered. It
attenuates by spreading the beam and hence c - (-1)(2n+1)(An - (2a)
reducing the power density of the illuminating nD'/4 X'
beam. Forward scattering could have more Ln- I
serious effeLts on systems where high angular
resolution is of paramount importance. Wide-
angle scattering aside from attenuation would be C -C - . ' (2n + 1)(IAnI' + IBnI') (ib)

most serious In designator systems, since a seeker -a D-/ t £.

might not be able to track effectively.
Qext - Re (2n + 1)(An + B,) (2c)

'1, A. Stratton,, Elecirontagntlrc Theory, McGraw Hill Book Cons.
pans, N•w York (1941). 554-573.

'H. C. Va, de Hwist, Ligiht Scattering by Snmll Particles, lohn WileY
and Sons, New York (1957), Cabs

11). E. Kerr, Ld., Propagation of Short Radio Waves, MrGraw-Hill Qabs ... Qext -Qsa (2d)
Book Cotmpanty. Now York, Ch 7-8 (1951).
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where D is the particle diameter and X - wD/A; The power in a collimated beam is reduced by
An and Bn are the coefficients of the nth electric eil after transversing a path length I in a
and magnu tic modes given by medium with a bulk absotptio-a 4. The term

Im(-K) in equation (4c) is expreused in terms of v
and x as

A xhn(x)[Pin(p)] - m[Xh-(z)]'jnP) (Im(-K) - .('+ + )+ (V' - X, + 1) (7)

n xhn(X)l'Pin(P) - mWhn(x)I'(Pj'. (3b) This should not be confused with the , olime-
jXhn(X)j'Pn(P) -iiXhn(X)[P~n(P) scattering coefficient of an asuemblaSe of such

particles suspended in air.
where m is the complex -refractive ihdex of the
particle, P - am, Jn is the nth order spherical If radiation impirges on a medium of in-
Bessel function of the first kind, and hn(z) - dex of refraction, n, where In - 11 is umall and in
in(z) ,+ i(- 1)nj.n..(z) is the nth order spherical which is suspended a distribution of particles of
Besel function of the third kind. The prime index of refraction, mn, separated by distance$
denotes differentiation with respect to the argu- large compared to their diameters and the
ment. Re denotes real part of. wavelingth, then the cross sections characteriz-

Ing the medium are as follows.
For particles small compared to the

wavelength, the Rayleigh approximation is valid The reflectivity or bakscatter cross sec-
and only the first term in the series need be re- tion per unit volume (backscatter coefficient), n,
talned. The cross sections then reduce to and the attenuation coefficient, y, are evaluated

essentially by summing the effect over wIl par-
w' b Ki ticlks in the illuminated volume. Thus,

4(4a)

SC" . !tEfy (-b fme N(D)Cba,(D)dD (6)

3A4  Dmin

Cabs' " (4c) where N(D)dD is the number of pArticles per unit
A volume with diameters between D and D + dD.

The attenuation y (dB/unl.t of path length) is
where K - (ml - 1)/(ml + 2); Im means im-
aginary part of, The complex index of refraction,
mi, is defined as y - 4.C3 fimax N(D)Cxt(D)dD , (9)

Dmir,
m - v-i (5)

x is related to the bulk absorption coefficient, 1, In the Rayleigh scattering region, where nD/A <<
In the medium by 1, attenuation im due mainly to absorption, i. e.,

Coxt = Cabs, The expressions (4) appropriate to
(6) the Rayleigh regime, can be substituted into ex-

A pressions (8) and (9), yielding,
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A MbasoOemvWwc s uhpwrfrmDNDd (to) This result means that large particles attenuateI

-)fDIN(D)dD (1) beam as would be expected from a simple sum-
y 4.343 KA ming of their geometrical cross sections. This ef-

fect is a consequence of the diffraction around
fD3YN(D)dD is just the total volume of particlem such particles.
per unit volume divided by it/6 so that (11)
reduces to It is also well known that particles have a

- fin±) (A1) maximum extinction. cross section of four times
y ptheir geometrical cross sections when x -1

For spherical homogeneous particles with
where Vp is the total volume of particulate met- diameters comparable to the wavelength, the
ter per unit volume. y has the units of dB/(unit Mie scattering theory is very well developed and
for measuring A). If the particulate matter has a demonstrably correct. There is somne Information
density of Q (g/cm') and if VP is expressed In available on particle-size distributions typical of

m`mone can write rain and fogs for making predictions as to the at-
lm(-K) wtenuation &and backscattering characteristics dur-

v - 81,866--- (dB/km) (13) Ing such ccdriditionli.

for A in millimeters. W is the mass of particles in The current major source of uncertainty
grams per cubic meter of aerosol. Note that e about the attenuation effects due to atmospheric
I g/cml for water. This is an extremely impor- condensed water is in the temnperature
tant equation, yielding the aerosol attenuation of dependence of the refractive index. Diermend-
near-millimeter wave in the Rayleigh limit. The Jim', Rozenberg,l Lukes,' and Ray,' have made
expression will be valid regardless of the shape of relatively, recent critical surveys of this subject.
dust or smoke particles as long as the condition Rozenbers and Ray have tabulated the
(A»> largest particle dimension) holds, temperature and fkequency dependence based on

a modification of the Debye theory and the best
For particles very large compared to the available data, but errors may be substantial ex-

wavelength It is Interesting to note another im- cept In the long wavelength part of the near
portent limiting case. This is where x --. oo or millimeter range. Diermendjian and Lukes con-
where D»> A. This is called the optical limit, as ciuded that the room temperature data of Davies
distinguished from the Rayleigh or small particle et all are quite reliable, Diermendjian considered
limit, In the optical regime, the shape of particles the available data at other temperatures so
is of obvious crucial Importance and it turns out
that for spherical particles IV, DormeninFar infrared and Submlillimeter Wave Attetnua-

tiony by Clouds and Rain, Ranid Cor7oraNto,, RL'part AD-A 021.947
Y.~t- 433 -- f ~ N(~dD(14a (Aril i905)i
Ye~t 4.33 -1f Li N(DdD (4a) V. 1. Roxenberil, Scattering and Atteniuation of Eiectromagno~tic4 Radiation by Atmospheric Particles, Hydromnettoroiogicai Press, Lon-

injtrasc, USSR (1972).
or G. D. Lukas, Pael trab Wlly of Haze, Fog. Clouds, and Precipitationor ~by Radiant Energ over the Spectral Range OA1 Micron to t0 Coen-

A tirneters, The Center far Naval Anafvses of the Unidersity of
-,, 8.681m fR'N(R)dR 0 4b) Rochester, Report No. 62 (May 1968).

11P .5,Ruy, Broadband Comnplex Refractive indicts of Icet od
water' Applied Optlts, vol. 11 (1972.), 11139,

IM, Davies, G. W. F. Pasrdoe., I.Chamberlain, and H, A. CA.44,i
- .686 1 (indlivdual particle crowe (ic) Su4bmillilmaet- andi Millimeer*.u4rst Absorption of Somne Polar uaid

all p~tirtn ,etional areas) Nyu-polar Liq1uids Measured byp Fourier Transfoerm Spec troscopy,
unit volume. Tranisactions of the Faraday Society, vol. 66 (1970), 273.
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unreliable that he made his rain and fog attenua- of water and ice which he considers to be the
tion calculations using room kmperature (24 C) most reliable available. Figure 111-4 is the same
refractive indices in spite of his knowledge that for ice (from Ray). It can be seen that each set of
rain and cloud droplets are substantially cooler data for x (ice) tends toward negiligible valuaes in
than this. In spite of this uncertainty, the near-milllmetcr wave region, The real part, v,
Rozenberg's tabulation probably illustrates the is not large and, therefore, one would anticipate
trends which are interesting and important, negligible NMMW attenuation in an ice fog.
Figure 111-1 is a plot of v and x versus temperature
for the indicated wavelengths. The rather large Figure 111..5 is a plot from Lukes' of the
increase in v for the longer wavelength has the ef- number density versu.i droplet radius for a
fect of increasing the backscattering and attenua- number of different meteorological condlitions
tion from scattering due to small particles at high ranging from haze to very heavy rain. In can be
temperatures in rain. Of more importance is the seen from thik that scattering will be a more im-
decrease in x with decreasing temperature at portant factor for rain than for fogs at NMM
0,8 mm. This has the effect of substant'ally wavelengths.
dec-.reasing the losses due to absorption by small
droplets of liquid water at colder temperatures. It
should be emphasized that under most condi- I11.2. FOG AND HAZE
tions, absorption, not scattering, is the dominant
attenuation mechanism at these wavelengths. 111-2.1 General Characteristics
The factor Im(-K) is plotted in figure 111-2 for). -
0.8 mm and A - 3 mm. It can be seen that for The meteorological conditions
temperatures higher than about -5 C, the referred to as fog and haze are generally different
temperature dependence is opposite for these two only in intensity. Both conditions are caused by
wavelengths. The absorption at 0.8 mm increases suspended liquid water droplets near the earth's
with increasing temperature while that for 3 mm surface. The particle-size distribution and con-
increases with decreasing temperature. The scat- centrations are roughly as illustrated in
tering coefficient, however, varies only e'20 per- figure 111-5. The condition is called a fog or a
cent over the same range, so that any significant haze, depending on whether visibility is less or
temperature dependence in the scattering is greater than a kilometer, respectively.
hurled in whatever role temperature might play
in a particle-size distribution or in the details of As is discussed by Middleton,10
the Mie series. Generally, v increaces significant.- visibility is loosely defined as that distance at
ly at the longer millimeter and centimeter which large dark objects can be discerned against

f wavelengths while remaining relatively constant the horizon during daylight by human observers.
for short millimeter and submillimeter
wavelengtbs. It should be noted that the above Fogs are roughly characterized as
discussion pertains to supercooled water and not being advection or radiation, depending on the
to ice. meteorological conditions causing their forma-

tion. Advection fogs generally form when satu-
The temperature at which an ice fog rated air moves over water or terrain at a lower

fornis from a water fog depends on particle sizes' temperature. This causes cooling and hence the
and other factors, such as purity. Generally, it condensation or small water droplets. Radiation
appears to be in the range of -30 to -40 C for

'G. D, Lukes, Penetrtabllthy of Hate, Fog, Clouds and Precipitationdroplets in the 1 to 10 Mtn range. Figure 1lI-3 6IV Radiant Eterg/ over the Spectral Range al Microns to i0 CA'n.
(from Diennendjlan) shows the optical constants ti,,,eters, The Center for Naval Analyses of the Un,iversit of

Rochester, Report No, 61 (May, 1968),"4W, E. K, Middleton, Vision Through tho Atmosphere, Univ~ersityT1, Mason, Cloud Physlc; 2nd edition, Clargdot Press (1971). of Toronto Press (1963).
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Figuiw M11. Variation of v and x with temperature lor A -6, 3, and 0.8 amm, accordinig to Rou~nberg, Scattering
and Attenuation of Electromagnetic Radiation by Atmospheric Particles, Hydrometeorological Press, Lenin-
Erad, USSR (1972),

It 0.4

0.81

0.1M

-40 -30 -20 -10 a 10 20 30 40

TEMPERATURE (C)
Figure 111-2, Variation of Iva$-K) with temperature at Ak 3 and 0.8 mm using data shown In figure 111-i.
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fop are caused by the rapid cooling of land or Army Field Manual FM100-5 and show in a self-
water after sunset. This causes a fog if the surface explanatory way the conditions in West Ger-
atmosphere was near saturation at the temper- many. Generally, one in every three mornings,

ature of the surface during sunshine. Other types visibility will be less than 1 km in the fall andof fogp are identifiable and It should be em- winter. Note also that fog Is Infrequent in thephasized that, very often, several of the summer and relatively Infrequent in the spring.
established mechanisms may contribute simul..
taneously to the formation of any given fog, S
Figure 111-6 is a plot visibility versus liquid waterr"PR
content characteristic of the two kinds of fogp." -

UU

at A

SB '41.4101

#A6 w-,W0h.M

am 1h

amX - 6" 14I #11(t$

*- 0~.0fl of ~.1 ~ j11571

itfh W" W1116 11971s) ,

Figur ni-3. Optical constants of water as used by il- i- -t a se-' to isl

Dirnmeadfilmn, Far Infrared and Submillimeter .AIAGHltm.

Wave Attenuation by Clouds adRiRn iue114 pia osat fIe4c4odn oHy
Corporation, AD-021-947 (1975). Applied Optics, vol. 11 (1972), 1839.

Predictability of fog", is an im- 111-2.2 Near-Millimeter Wave
portant factor. The frequency of occurrence, Attenuation in Fog
severity, and duration of those meteorological
conditions causing severely restricted visibility Figure 111-10 is a plot from
(such as fog, haze, and low-lying clouds) are Diermendjian, based on full Mie calculations of
very sensitive functions of geographic location, extinction versus wavelength for three cloud
This discussion will be restricted to that of the particl-distribution models and for two rain
central North Atlantic Trntaty Organization models, The modela used In the calculations for
(NATO) front or to West Germany. Figures this figure are as follows (liquid temperature
111-7, -8, and -9 are reproduced from the U.S. 24 C).
11 .G. fbidvidg, Haw sold Fog Aerosol Dtistribution, lournal of At.

m~oapheric Science, Ilol. 23 (1966, IR6lu C1-a ete cmls110. Essewlngoeigr, On the. Duratio" of Widespread Fog and Low Col oeraisr Clou dropleti weastye cuulNInj Itt Centr~al Europt, and Somec Aspects of Predjictability,, Missia mdeaisr .m rpe est
Research and Developrnent Cwnmnapic TR-HR-7.3-9 Q August 19R'3). 100/cm', liquid content QL -0.067 &/ni$
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Mh CAGd 15",, owv Wirnfo Zaiopr Is sypic~ilyo
Jul a"~ 8edis4, an nomtrl winds. TA..veoait Cloud C.5-stratus or nim-
twlas10"445. #"a. lA"s5 r~u~ owJ CO)EP,..uOd o

P4 Dloh'low e thw .wwh~q Pe in Wea bostratus, rc -6 pin, N -100/ Cm', QL -0.297

~ g/m,

Cloud C.6-iarge droplet'
stratus/nimbostratus, rc -20jim, N 0.1/cml,

*4~ ae~ I% L 0.025 g/m 5

- -- - - -Rain-SO-SO mm/hr rain rate.
i"Clo 3A 2.4 I

S - -Cloud C.5 Is essentially equivalent to a fog of
540 500 U "' roughly 100-mn visibility.

-______ dat 10 4 14 S Figure 111-11 shows experimental
___data_ attenuation versus visibility at 140 GHz

4455M *I ., ~(A ru 2 mm), which is in rough agreement with1 DiermendjiIan's calculation when corrected for
molecular absorption,

Figure U119. Seasonal cloud cover statistics in West It should be remembered that the
Germany, adapted from U'S, Army Field Manual lack of reliable data on the temperature de-
FM100-5, Operations. pendence of the dielectric constants of liquid

FREQUENCY 1a~z)

101114 0 in, t

CLOUD CA10

10 50FOG *18RVD
RAIN-5

RAIN-1010

0.4

WAVELENGTH ij~rni

Figure 111-10. Theoretical exctinction coefficients according to three cloud models and two precipitation models.
An ex~perimental mematvreaent madie at M1PRADCOM during a 100-mi visibility fog at 0189 mi~n has been added
for comparison. D. Viermend/lan, Rand Corporation AD-A 021-947 (April 1975).
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water droplets as a function of temperaturet total attenuation during radiation fogs of 100-m
Srenders data such as that from Diermendjian visibility. A few comments are necessary about

uncertain by as much as a factor of 2. This is the. validity of this figure. The water/vapor con-
especially true for wavelengths less than 2 mm tribution was calculated by linear extrapolation

K where both Rozenberg and Ray agree that the of absolute humidity and with no attempt to cor-
imaginary part of the refractive index drops sig- mect for any other temperature effects. The fog
nificantly as the temperature drops. contribution was calculated in the Raylejigh limit

__assuming the liquid water temperature td be 24
"C. The values for the vapor may be low by
possibly as much as 50 percent while the liquid
water part is overestimated by possibly 50 per-
cent, Adequate data do not exist to substantially
reduce the uncertainty in such calculations.

* ......J,.......J....L .. LII H l p l i |

VISIBILITY (kin)
Figure 111-11. Plot of 140.GHz one-way attenuation in
fog versus visibility. D, G. Bauer et al, Ballistic
Research Laboratories, Interim Memorandum Report I.

Since fog is by far the most fre-
quent condition causing severely restricted .M
visibility in Europe, it is worthwhile to estimate
the total attenuation of NM M •Nidlation during 14

fog (including absorption du' I n water vapor and -,
oxygen). Water vppor will be near saturation
during fog so that a knowledge of the tempera-
tures at which fogs occur is sufficient for such an
estimation. Essenwanger* has determined that 80
percent of fogs in Western Europe occur with an
absolute humidity less than 7.5 g/in' and that
only 7 percent of such fogs occur when the rela-
tive humidity is greater than 9.4 g/ml.

VIIIBI0LITV - 100'"

Figure 111-12 is a set of curves for a In 0 3 .
various NMM wavelengths showing estimated TIMPERATURK ici

"0. M, EUnwanger, Estimai(on oa the Temperature Dur.ing Fog in Figure 111-12. Estimated tota) attenuation versus tern-
WIIope, Mislte Resarch and Development Command (In proUs), perature at various wavelengths during a 1O0-m

tEditor's Nout: see referon•e " In Chapter Vill for recHt v
measurements. visibility radiation fog.
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Measurements made at 3RL'1 of It can be concluded that statieti*
total attenuation in fog at 140 GI-iz (2,15 mw.) rally, heavy rain ia not a major lim'Ang factor
are shown in figure 111-11 tie seen that for ground-to-groi'ndl syrotems, but Is a serious
there Is subatantial agmteee. with figure 111-12 problem for ground-to-air and air-to-ground
at a temperature of around 13 C. systems because of the cloud cover which usoal-

ly accompanies the rain,
A substantial amount of data

relevant to fog and haze can be found In section While the occurre'nce of snow is
111-5 0 this report. much less than rain, its effect on ground-ar.-

ground visibility is much more serious.

111-3. RAIN AND SNOW 111-3.2 Attenuatinn in Rain and Snow

111-3.1 General Characteristir~s Attenuation data in rAin are very
screthroughout the NMMW region and this Is

Table 111-1 (from Lukes) Illus- especially true at the shorter wavelengths, From
trates the spectre, of rain particles over a wide a look at figure 111-10 one can see that the attenu-
range of rain rates, akion due to rain is roughly Independent of

wavelength from the visible through the
The dominant NMMW attenua- NMMW r,4nge. It has boen generally found that

tiot ý.%echanisrn ranges from absorption for mist the attenuation of millimeter waves in rain Is
to scattering for the heavier rain ratev. It should roughly proportional to the rain rate.
be emphasized that scattering is not negligible, Figure 111-13 Is a plot of attenvAtion at 140 GHz
even for mist and drlrxzle. It should also be noted (2.1 mm) from Bauer et aV'~'which adequately II-
that absorption is the most Important lustrates the roughly linear dependence uf at-
mrchanism for the lighter rains so that the tenuation on rain rate.
tempecature of the liquid water is Important a~i is
the prevailing temperature during rainfall. It is Figtire 111- 14 shows 'Jata taken at ,.'
reasonable to assume that the atmosphere will be 0.96 mm by Sokolov et al.14 Note that the agree-
nearly saturated with water vapor during rains ment is only fair, but a lack of information as to

freasonably long duration the temperatures and other factors precludn'~ any
serious analysi,,

Seasonal precipitation as well as
the temperature at which It occurs in Western The attn!nuation of NMMW
Germany is shown in figurt, 111-7. Table 111-2 radiation in snow will depend strongly on how
shows the n~umber of days annually at five loca- wet the snow is and hence on the ter.'pcrAture at
tions In West Germany when rain and snow will which it Is falling. The dominant mechanism will
be encountered,"t It is well known that heavy certainly be scattering in dry snow aind perhaps
rains (ratte> 4 mm/hr) aie very rare and are of also in wet snow, Figure 111-15, taken from
short duration, Richard" Is a compendium of the kvlevant ex-

perimental data.
11). G. Jlijr, R. A. Mc'Gee, 1. E, Xpiou, and If. A. Wallace

W. Vudel, Misoilit govaqrrh PodVol ovh~qnimett ", imlanid pii
c,,m~miallg)"A, V. S,;bL1,n,1 11Pd Y9, V. Sukimbi. .4 ftee,,ivalivi III

froott a 11toa.der avid Pilt#cure pie;t ,1ato baese Is belhig sli~vraty1 Ait 15. no.1 YU) c?
Im i'ath';i R, (; Hwttphlrrb' apid IN. H. len,,,, Memtt,?,;a juto Fn I- 'V. V.N~h.1~'ApirJ, I7mcipix u Mlljjp,'timr Wai~elenjsili.

viropl;iupieitaI Colni. hmsi, im-fiimbaury d"144. to; Us. IrS1161,0I 11Y lite. '1CP Ad-Mli-'SeiidY GwaqI 102. H tIton rwC 1,1feaJ Lowt; Apih-Til, A (INeI;
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TABUE MI-. LAIN, NUMUE OF WATER DROPLETS PER CUBIC METER FOR SEVEN RAIN INTESITIES

Interval of Mist Ddulk Liught rein Moderate rain Heavy rain Excessive rain Clodburst
drop ieee (0,08-mm to.23-um (1-rn (4-rn (16-uwt (40-mm (100-mm
(r in PM) ON) perhir) p er r) per h) per hr) per) pihr) per h)

3 to 10 6 6 6 6 6 6 6
7 10 lto 2O 13 13 13 13 13 13 13

20 to 30 51 a1 81 51 51 51 51
30 to 100 69 80 65 90 92 92 95

100 to 200 1 as 106 1"6 160 163 192
200 to 300 10 26 54 67 110 128 160
3W 3to AM 2 9 24 41P 75 95 138
4W to SIM 0.5 11 27 so 69 115
tO toOG 6W U1 1 5 1s 32 so 95
600 to 7W0 013 2 a 20 35 s0
7W to NO -0.1 1 4 13 23 65
SIM to90 M 0.4 2 8 16 ;2

N 900to10 loco 0.2 1 6 11 41
1000 tolO Iwo 0.3 2 113 26 110
lISMtoZ O 20M 0.1 Z 4 32
2000 to20 UM -- . 1 10
23M to 3W0 0.1 3
3000 to30 Mo I

&WI to 4000 - -- 0.2

Total 2031 274 359 So1 651 763 1249

111-3.3 Backscattering in Rain Orlando, FL,, area. One should note that the
backscattering coefficient Is smaller at 3 mm

Under some conditions," systems (9S GHz) than a,- 4.2 mm (70 GHz).
operating in the NMMW region could be limited
by backscattering. There are only scant experi-
mental backscattering .iata at NMM Figure 111-17, also taken f romn
wavelengths, Figure 111-16 shows the dependence Richard," represents a fit of Miescattering caleu-
of measured backscattering cross section at lations to the ORL data i~s a function of freqwm~-
several millimeter wavelengths versus rain cy. Note the predicted slight advantage of
rate," Theme data art f or summer rains In the shorter wavelengths. It should be emphasiked,

-- -- however, that this may not be true with th,
'IV, W, Richard, Millitifter Wave Ns~*ar Applicationo to WVau1,un dtie itiui

Syisomn Momoarmnium Roport No. 26.31, Ballisi~c Research Laborato- deale article-size dsrbtostypical of
risJne Jwv76vr, .. Western Europe.
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A
TABLE M12. AVERAGE ANNUAL PUECPITATION OU"1%" FXANW

CLIMATOLOCY/WEST GRMANY

Fie octlm Totala N N6 Peccnt

Dltburg 26 in. 159 days 25 days (1E6) 11
Frankfitrt 25 146 11 (a)

Fulda 31 167 36 (19)0
Stuttgart 26 157 16 (10)0

Berlin 22 153 12 (a)

"Thaidi Antiaml total pw.msifteom in las.
N1kNsumiw ofA~ ith preftA ipiaio.ia 0 0,01 im, MWF~tWA

Cs2Nu~mlwr of Amyx with ~*110seU 0,1 fic Figure W-14. Comparison of theoretical, and eeperi-

mental dependence of attenuation on the rain inter-
aity at 0.96-mm wavelsogth. A. V. Sokolov and Ye.
V. Sukhonin, Radio Enginieering and Electronic

x x Physiics, vol. 15, no, 12 (1970), 2167.

C LA

IF I I .-.

riur 1143 14~ rai ateuto vessri

rate. V. G. Bauter at al, Ballistic Reggarch Laboarrto- 3
rfes, Interim Memorandum R~eport 538i (Jarnkary

I' 1977).

111-4. 01 IST

Naturally occurring dust storms are not D

a problem lin Europe in the sense of causing at- ~
tenuation of NMMW radiation. According to
Hinds and Hordale" visibility is reduced to less
than a kilometer only once every 10 years. BRL'1

dust thow that at 2.1 mnm (140 GHz), sufficient SA--Babin
dstoseverely attenuate near-Inrared and op- C-1oLuon,,,

tical links caused no measurable attenuation at )Lmn,

NMM wavelengths. This dust was generated by I i LJ L
vehicular traffic. I

SNOWFALL mminiRism

'101) G. Baver. R. A, McGee, I. E. Know, and H. Si. Wallace, Fue11-15. Measured attenuation In snow versus
140-Gz Seamr.1der Feasibii~tyv Experim~ent, 8,sllistic Re'leare'(Lasboratories, Interimn Memorandum Report No. 538 (I'attuary 1977). Isnowfall rate. V. W. Richard, 7TCP Ad-11oc Studyi

I B. 13. Hinds iind G. D. Hoid'ale Boundary Layer Dust Occurrence' Group 0,EetoOtclLwAgeTakn
IV, Atmnospher~c Dust LOver Selected Geographic Areets. USA Elc- p10, lct-OialL, Age*rckn
tron l's Comprand ECOM-VR-7"- (Iiupo 1077). (Deceirnb.r 1976).
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Figure 111-17. Calculated and measured rain backscat-
Is-$i l 1111 11 111 ter coefficient versus frequency. V. W, Richard,

I~ItO 100 Ballistic Research Laboratories, Memorandum
RtAIN NATE tmi,/HRI eot23 (ue17)

Figure 111-16. Measured average backscatter coefficient Rpr 61(ue17)
of rain versus rain rate, V. W, Richard, Bnllistic
Research Laboratories, Memorandumn Report 2631 111-5. CLOUDS
(June 1976),

Clouds are composed of water and/or
Reasonable estimates of the size and the ice particles with a condensed water content

dielectric properties of dusts would almost ranging from 0,1 to 1 g/m-1 for altitudes greater
preclude significant attenuation, except possibly than 2 km and can range up to 10 g/ni' for low-
at the shortest NMM wavelengths (300 jum) altitude (Nv0,5 to 5 kwn) precipitating clouds.'"1
where dust particles in the 50- to 10 0 -j~m size The temperature of clouds depends on both
range might scatter significantly. The larger par- altitude and local conditions and Is a very impor-
tidles, present Immediately following ground tant determinant of NIMMW atttenuation,
bursts of munitions, might possibly break NMM Typical particle-size distributions and liquid
tracking links for very short periods of time, water content can be calculated using
however. Only experiments can answer such figure 11-8"Very high (>5 kin) clouds fre-
questions,'

'H, 1. Mason, Clou~d Physics, 2mi4 edition, Clarerdo" Pro" (1971),
1%. Bauer, ?'he Scattering of Infrared Radiation from Clouds, Ap-

-_________ .plied Optic., ,jot, a (196). 197,
*Editot's Notet Research teuts ave50 con firned this anumwptioni 'L. W. Cartier, G. A. Cato,, and X ). vont Easae, The Backscatterln5

e.g.. DIRT-1, ASL-TR-002I (lanwary 2197), ASL.-CF.79.0026-1 (fune and E~xtinctio~n of Visible and Infrared Radiation byp Selected MOD)'p
* 1979), and Graf It, test results to be pu~bI~lsh". Cloud Models, Applied Optics, vol. 6 (196?), 120921216,
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quently Yay contain larger ice crystals wIt. those of figure 111-18, absorption is the dominant
typical dimensions oý 30 to 2W pin, Ait will be !oss mechanism and may be simply calculated
4huomt Wow that N1M~ absorption effects from t-e total water content (liqud or ice) of the

'idae to tho, V*ter contents typical of iWe clouds are cloud, Tab6 " 111-3 Is a tabulation of refraction in-
n44ligble cot. pO:iW to those of liq•ld water &ce% for water (from Rozbrberg). From these, the
clouds. $catterins'cu', becotic very siaddifcan' absorption or attenuation In (dB/km)/(g/ml) has
for large ice. crystal,. CInce tho• crystals are been computed in the Rayleigh limit; iLe., scatter-
often preferentially aligned by aerodynarkic drag ing effects neglected and attenuation propor.
forces, such scattering may be quite anisotropic. tionrl to Im(-K)W as in equation (13), These
with repect to polarizalion. . .,data, normalized to unity precipitable water con-

IU -. ~ .- -- tent, are plotted as a function of temperature and
wavelength in figures 111-19 and -20, respective-

* I ,. UMULUS ly. For condensed water concentrations ranging
WOa, OwEAH CUMULUS from 0,1 to 1 g/ma, attenuations will range fromt1 4. ShIWfI'U N

I ICUoM.ILU .oI 0.2 to 5 dB/km for water clouds with
L A, RU*N M temperatures between -20 C and -40 C. Figure

111-21 is a plot of attenuation versus wavelength
for ice at -20 C in (dB/km)/(g/ma), based on

I /Ray's data' for the complex index of refraction ofi, ice. Note that absorption will be negligible for
a both Ice clouds and ice fogs so that scattering will

~ II Idominate, and grow in importance with increas-
Ing particle size,

TABLE 111-3, TABULATION OF ROZENBERG'S COM-S~ lPLEX REFRACTIVE INDICES OF LIQUID WATER

Temperature (C)

mm -40 .- 0 -20

0.8 2.3S - 10.08 2.35 - 10,13 2.35 - 10.20

1 2.35 - 10.10 2.35 - 10.16 2.36 - 10,25
2 2.36 - 10.20 2,37 - 10.32 2.41 - 10.49
3 2.37- 10.29 2.40 - 0.47 2.48 - 10.72

-,. Temperature (C)

-10 0 10,s 0i 10 0

0.UO 2,37 - 10.3 10.41 243 - 10.54

Figure IH.15 Model cloud drnp spectra. L. W. Carrier 2 2.38 - 10.37 2.42 - 10.92 2.47 - 20,67
2 2.48 - 10.71. 2.59 - 10.95 2.7.1 -- il,20

st al, The Backscattering and Extinction of Visible 3 2.61 - il.01 2.81 - U1.31 3,04 - 11.60

and Infrared Radiation by Selected Major Cloud
Models, Applied Optics, vol, 6 (1967), 1209-1216, Temperattr (C)

20 30 40

An assessment of the attenuation
of NMMW radiation by high-altitude large- 0.1 2.43 - 10.62 2.51 - 10.90 2.79 - 10.91

1 2.53 - |0.B2 2.61 - i0.97 2.70 -- ii.11

particle clouds would require some detailed 2 2.90 - il.42 3.09 - 11.62 3.29 - 11.79
information on particle sizes, shapes, and 3 3.31 - Ui64 3,58 -M.04 3.86 - 12,20

concentrations and is beyond the scope of this
report. However, for those clouds consisting TP S. Rýa, Broadband Complex Refractive laice o.,f Ice and

simply of particles with sizes comparable to Water, Applied Op~lcm, vol, 11 (1972), 1839.
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M-6. SUMMARY of the rather limited data base for near-
millimeter wave propagation, the principal

From the discussions, references, and utility of this table resides in the approximate
data presented in this chapter it is possible to compariso ns rather than the absolute accuracy
prepare a comparative summary of aerosol at- of each value. Tafble 11145 provides a more
tenuatlon effects from the optical/infrared detailed look at the important case of fop for
region to frequencies in the millimeter wave do- wavelengths int the neor-milllmeter wave
main. Table 1114 provides such a comparison, region. Figure 111-22 is a graphical representa-
It should, however, be recognized that because tion of table 111-5.

TABLE 1114. COMPARATIVE SUMMARY OF AEROSOL ATTENUATION (Id/km) EFFECTS

A Infrared 400 Git 340 GHz 220 GHz 140 GHz 100 GH& 35 GHz
10,6 ym 730 JAm N80 Pm 1.3 m 2.1 mn 3 mm 8.6 MW

FOg ',204 "200 ^4 -3.6 3 2,25 1,4 'k0.1
T I-10C

V, too f

W - 0.3 g/m'

Vehicuhlar Lap Sgnifi-cant Negligible N N N N N
dust (L) (5) (N)

Rain 5.2 v.5.2 7,4 7.8 8A3 8,7 8.7 2,6
10 mm/hr

Snow )15.2 >>5.2 ',3.7 dry ".3.9 dry ".4.1 dry n.4.4 dry '"4.4 dry -1,3 dry
10 mm/hr ^>7.4 wet 27,4 wet N8.3 wet :8,7 wet v8.7 wet 92,6 wet

(H2O)

TABLE 111-5. ATTENUATION (dB/km) DUE TO LIQUID WATER IN A RADIATION FOG AT 24 C

V w _ Wavelength
Wm) (8/m1n) 320 om 345;im 450 jim 490 jm 620 prm 650 ja 720 jm 58W 14m 1.3 rm 2.3 mm 3.19 mm 8.57 mr

1000 0.0032 0.128 0,125 0.109 0.102 0,080 0,077 0.075 0.062 0.039 0.018 0,011 0,001
"900 0.0038 0,152 0.148 0.129 0,122 0.095 0,091 0.089 0,074 0,047 0,022 0,013 0.002
800 o.oot3 0.150 0.176 0,153 0,144 0.113 0,10S 0.100 0.050 0,055 0,026 0,013 0.002
70 0.0056 0.224 0,218 0.190 0,179 0.140 0.134 0,130 0.1O9 0,069 0.032 0.020 0.002
600 o.71 0.284 0.277 0.241 0.227 0,178 0.170 0.170 0.138 0,090 0.040 0.025 0.003
500 0,0014 0.376 0.367 0.320 0,301 0.235 0.226 0.220 0.183 0,120 0.054 0.033 0.00
400 0.013 0.520 0.507 0.442 0.416 0,325 0,312 0.300 0.250 0.160 0.074 0,046 0.005
300 0.020 0,600 0.780 0.650 0.640 0.500 0.480 0,470 0.390 0.246 0.11 0,070 0,008
200 0.038 1,52 1.482 1,292 1,216 0.950 0.912 0,893 0.741 0.467 0.22 0.13 0,015
100 0.111 4.44 4.329 3,774 3.552 2.,775 2.660 2.,61 2,16 1.36 0.63 0.39 0.047
90 0.131 5.24 5.109 4,454 4.192 3,275 3.140 3,08 2.55 1.61 0.75 0.46 0.056
80 0.157 6.28 6.123 5.34 5.02 3.92 3.770 3,69 3,06 1.93 0.89 0.55 0.067
70 0.193 7,72 7.53 6.56 6,18 4,80 4.60 4.54 3.76 2.37 1.10 0.68 0.082
60 0,244 9,8 9.5 8,3 7.81 6,10 5.80 5.73 4.76 3.00 1.39 0,85 0,104
50 0,323 12,9 12.6 11.0 10.3 8.08 7.75 7.60 6.30 3.97 1.84 11.3 0.137 ..
40 0,456 18.2 17.8 15.5 14.6 11.4 10.9 10.70 8.89 5.61 2.59 1.60 0.194
30 0,710 24.4 27.7 24.1 2L.7 17.8 17.0 16.70 13.8 8.73 4.05 2.49 0.302
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CHAPTER. IV,-ADDITIONAL METEOROLOGICAL INFORMATION

by Stanley M. Kulpa and Edward A. Brown
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From the previous chapters it should be clear TABLE 1V4, RERESENTATIVE ABSOLUTE
that the utility of near-millimeter technology HUMaDITY LEVELS
depends very strongly on the various weather
parameters. Though a sianificant amount of Ervironment Absolute humidity (s/ml)
meteorological data is provided in Chapters I Trpical 19
through II1, it is appropriate to provide some ad- Midlatitude summer 14
ditional Information. The following tables Midlatltude winter 3.5
should prove useful to the reader in discussions Subarctic summer 9.1
and calculations of NMMW propagation char- Subarctic winter 1.2
acteristics. In addition, for those who wish to ex-
plore more thoroughly the meteorological/ R, A, McClatche•, Optical Propert., of the Atmosphere
climatological aspects, a Selected Bibliography is (Revised), U.S. Air Force Cambridge Research Laboratories,
included for Chapter IV (p.81). AFCRL-71-0279 (May 1971).

TABLE IV-2. SEA-LEVEL TEMPERATURE DEPENDENCE OF WATER VAPOR
CONCENTRATION

Water vapor concentration (g/m3 )
Temperature (C)

50 percent relative humidity 100 percent relative humidity

-20 0.51 1.0

-15 0.79 1.5
-10 21

-5 1.6 3.0

0 213 4.3
5 3,2 6.2

10 4.4 8.9
15 6.0 12.
20 8.0 16.
25 11. 22.
30 16. 30.
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TABLE IV-3. HAZE AND FOG CHARACTERISTICS

Parameter HUMe adiation fog Advwction fog

Drop diameter
rage, jm 0,01-3 5-35 7-65

Typical drop

concentration, l0 x 10' 200 X 10' 40 X1u'
per m3

"Typical maximum
water content, 1 0.4
s/m•

Water content
for 200 m - 0.04 0.18
visibility, S/ml

Visibility at 110 280
0.1 g/mw, m

V. W, Richard, ], E, Kammerer, and R. G, Reitz, 140 GHz Attenuation and Optical Visibility
Measurements of Fog, Rain and Snow, Ballistic Research Laboratories, ARBRI.-MR-2800 (Decernber
"1977).

I'? TABLE IV-4. STANDARD) VISIBILITY
CONDITIONS (international Visibility Code)

Conditions Visibility

Dense fog <50 m

Thick fog 50-200

Moderate fog 200 - 500

Light fog 500- 1000 m

Thin fog 1- 2 km

Haze 2-4

Light haze 4-10

Clear 10 - 20

Very clear 20 - 50

Exceptionally clear >50 km
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TA3LE IV-&. DROPLET SIZES AND DENSITIES FOR RAIN

Light Moderate Heavy Cloudburst
(r- 1 mm/hr) (r - 4 mm/hr) (r - 25 mm/hr) (r- 100 mm/hr)

Size range (,urn) 7 -100 10.,300 10 - 50 ,50. 700

Droplet density (M-3) 350 500 700 1,25r,

Water density (S/mW) 0.04 0.17 1.0 4-.

R. G, Shack[eford and 1. 1. Gallagher, Millimeter Wave Beamrider System, U.S, Army I issile
Ruearch and Development Command, TE-CR-77-7 (August 1977).

TOLE IV-6. PROPERTIES OF STANDARD CLOUD MODELS

Bass Top Density Mode radius Coup.Navu (m) (mý (B/re3) (Mam) Cap

Cirrostratus, arctic, 12-18 kft 4000. 6000. 0.10 40.0 Ice

Cirroetiatsm, mid-lat., 15-21 kit 500. 7000. 0.10 40,0 Ice

Cirrostratus, tropical, 18-24 kft 6000. 8000. QIC 40.0 ke

Aitocumulus 8000-9650 ft 2400. 2900. 0.1b 10.0 Water

Altostratus 8000-0650 ft 2400. 2900. 0.15 10.0 Water

Low4ying stratus 500-2000 ft 150. 650. 0.25 10.0 Water

Low-lying stratus 1500-AW00 ft 500. 1000. 0.25 '0.0 Water

Fog layer, ground to 150 ft 0. £0. 0.15 20.C Water

Haze, heavy 0. 1500. 10" 0.05 Water

Drizzl., 0,2 uam/he 0. 500. 1.00 20.0 Rain
500. 1000. ".10 10.0 Water

S100, 1500. 1.00 10.0 Water

Steady rain, 3 mm/hr 0. IZ, 0.26 200.0 Rain
150. 50r, 1.00 10.0 Water
500. 1000. 2.00 10.0 Water

1000. 1500. 1.00 10.0 Water
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TABLE IV4. PROPERTIES OF STANDARD CLOUD MODELS (Cont'd)

BNN Top Density Mode radius Camp.
W(m) (m) (g/m2) (1m)

Steady rain, 15 mrn/hr 0. 300. 1.00 2.00. Rain
300. 1000. 2.00 10.0 Water

1000. 2000. 3.00 10.0 Water
2000. 4000. 2.00 10.0 Water

Stratocumulus 1000-2000 ft 330. 660, 0.25 10.0 Water

Stratocumulus 2000-4000 ft 660. 1320, 0,25 10.0 Water

Fair weather cu. 1500-6000 ft 500. 1000. 0,50 10.0 Water
1000. 1500. 1.00 10.0 Water
1500. 2000, 0.50 10.0 Water

Cumulus with rain 2.4 mm/hr 0. ý00. 0.10 400. Rain
$00, 1000. 1.00 20.0 Water

1000. 3000. 2.00 10.0 Water

Cumulus with rain 12 mm/hr 0. 400. 0.50 400. Rain
400. 1000. 2.00 20.0 Water

1000. 4000. 4.00 10.0 Water

Cumuilus congestus, 3000- 1000. 1200, 0.30 10.0 Water
9000 ft 1200. 1600. 0.50 15.0 Water

1600. U000. 0.80 20,0 Water
.M000. 2500. 1,00 20,0 Water
2500, 3000. 0,50 20,0 Water

Cumulonimbus -with rain 0. 300. 6.30 400. Rain
150 mm/hr 300, 1000, 7.00 20,0 Water

1000, 4000. 8,00 10.0 Water
4000. 6000. 4.00 10.0 Water
6000,. 000. 3.00 10.0 Water
8L00. 10,000. 0.20 40.0 Ice

N. E. Gaut and E. C. Reifenstzin, III, hiteraction Model of Microwave Energy and Atmospheric
Variubles, NASA Report CR-61348 ('20 April 1971), AD N71-25079,
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CHAPTER V.-PROPAGATION IN SMOKE AND CHAFF

by Dominick A. Giglio

Since this chapter contains classified Information, it will be published as part of volume IV of this
report.
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CHAPTER VI.-TARGETS AND BACE\GFOUNDS

by Gwynn H. Suits and Bobby D. Gue\4ther
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of propagation, with apex at the transmitter. The
Vl-1. INTRODUCTION polar angle of scattering, 8s, is the angle between

vertical at the illuminated area to the line o
SThe NMMW radiative properties of tar- propagation to the receiver with apex at the il-

gets and of the backgrounds with which they luminated area,
may be associated are fundamental data required
to begin the assesment of the probable perform- z

ance of a large number of applications of
NMMW systems. In the following sections, the o!•definitions antd nomenclature used as data de-

scriptors are explained and the available data for
discrete targets and extended backgrounds are 10
tabulated and described. Where data are insuffi-
cient, the trends of data as a function of frequen-
cy from adj;acent bands are described, Irt all cases V.-r-
for this spectral regiut, it has been necessary to
draw conclusions by extrapolation from other
frequency regions or by modeling.

A large part of this chapter contains
Information and extensive excerpts from a report
of the Environmental Research Institute of o- angle of Incidence
Michigan.' e - polar angle of scattering

- azimuthal angle of scaftering
as - grazing anle

VI-2. DEFINITIONS, NOMENCLATURE, sd - depresion angle
AND BASIC RELATIONS P - tran•mitter position

Q - receiver poollion
VI-2.1 Definition of Incident and Figure VI-1. Definition of angles.

Scattering Angles
The azimuth of scattering, +s, ist

The incident and scattering angles the angle in the XY plane between the specular
are shown schematically in figure VI-1. The reflection direction and the direction to the
radar transmitter is located at P above the XY receiver with apex at the illuminated area, The
plane representing the plane of local terrain, The monostatic condition is obtained when 9i - 03,
angle of incidence, 9i, is the polar angle from ver- and +s - 180 deg.
tical at the illuminated area to the line of propa-
gation of transmitted power. The grazing angle is VI-2.2 Defining Relations for Radarthe angle of elevation, 08, of the radar from the Cross Sectionshorizontal plane with apex at the illuminated

area. The depression angle, Od, is equal to the The radar cross section, a, of a
grazing angle for a flat earth approximation and target fully illuminated by a radar operating in
is the angle from the horizontal plane to the line the monostatic mode is defined by the relation

PtGoArT'(r)
11, R. Maxwell, Enuironmental Research Instftuts of Mfchijan, Pr. . . .. (1)

ERIM 123•00-2.L (18 Nouvmber 1976), (CONFJDcNTIAL) (4n)rr- '__
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where A target which is smooth relative
Sr ito the wavelength will exhibit an increasing gain

r received power, for decreasing wavelength, For most targets, a
wavelength limit will be found for which the

Pt " transmitted power', target appears rough and scatters incoherently so
that target gain will not increase with further

G - transmitter antenna gain relative to decreasing wavelength.
an isotropic source,

Ar = effective receiver antenna aperture Two radar cross sections-oo, the
area, cross section per unit illuminated area, and y,

the cross section per unit projected illuminated
r - range from radar to target, and area-are defined for terrain. 'These cross sec-

tions are defined by the relations'
T(r) - transmittance of the separating

medium over a range, r. PtGooAiArTl(r)

If n1 is the attenuation of the at- - 4)'(5)
mosphere in decibels/kilometer, then the trans-
mittance is given by and

t (r- ,) P1Gy cos OjAiArT1(r)
Tdr) --1 - "• , ()Pr TM ( ,'(6)

with r in meters,

where Ai is the area of terrain illuminated by the
The cross section of a fully illumi- rwdar pulse. Both oo and y are cros sections per

nated, perfectly reflecting sphere, whose radius, nitarea and ar dimensi oss suatitis Te
r,, is much greater than a wavelength, 1., is vr,1. unit area and are dinmensionless quantities. The

r 5, s muh geate thn a avelngt, k s ~ area, Aj, increasies as the square of tue range,.
Such spheres can be used for field experiment

calibration standards. The radar cross section for resulting in an inverse square law for received

more complex shapes can be expressed as power.

o - QG'A (3) VI-2.3 Cross-Section Statistics

where Q - reflectivity of target surface material, Terrestrial cros, sections, oo and

A - the projected area of the target, and y, are often specified by average valuts. The scat-
terini• of coherent radiation from random scat-

G' - the gain of the target relative to an tering venters adds vctorially at random at the
isotropic scatterer, receiver ac that a statistical variation in received

signals may be expected. According to Long,2

The three factors in relation (3) one may assume that land and sea scattering is
separate the influence of material properties, Rayle.gh distributed as a first approximation,
geometrical shape, and size, The target gain, G', hovwver, field experiments in the microwave
may be approximated by range result in a distribution between Rayleigh

and log normal. The Rayleigh distribution densi-
G' - -- (4) ty, p(Oo), is given by

"A- M L'ou.. Radar Ref ectivity of Land and _4a, Lexhigton Book-A,
where Ac is the target area of coherent reflection. Letington, MA (197.5)
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0p(0 ) - (7) randomly polarized. Randomly polarized radia-
o tion will be specified by the letter R.

where 30 is the mean value of the point-by-point VI-2.5 Bistatie Radar Cross Sections
measured 0o values, One may deduce that 50
percent of o. values will fall in a range from NMMW cw designators used in
5.4 dB below F-- to 1.43 dB above Z for the guidance systems may operate in the bistatic
Rayleigh distribution, mode. The extension of the defining relations for

o and 0o for the bistatic mode is straightforward.
In the case of NMM wavelengths, For the fully illuminated target, relation (1)

one may anticipate conditions where a target, becomes
such as a vehicle, will not be fully illuminated by
the radar beam. The Illuminated area, Ai, of the PtGoArr(rt)T(rr)

target may not be known so that neither o nor oo Pr "o(4v)1r'r
is a convenient cross-section descriptor.
However, y is the cross section per unit projected where rt - range from transmitter to target, and
illuminated area, Ai cos 0i. The projected il-
luminated area should be approximately the area rr " range from receiver to target.
of the radar beam normal to the direction oi
propagation within the half-power contour of Relation (5) becomes
the range of the target. Consequently, the radar
cross section of illuminated regions of a partly 11- r , (9)
luminated target can be described conveniently (40rt•
by y. Reports of the statistical distribution of y
for NMM waves for artifacts have not been The cross sections o and oo must
found. be qual~ied by the specification of the angles Ol,
found. 8s, and +s as well as by the transmitted and re-

VI-2.4 Polarization Nomenclature ceived polarizations.

Radar cross section also depends VI-2.6 Relationship between Radar and
Electro-Optical Descriptors

*" upon the polarization of transmitted and re-
ceived radiation. The rommonly used designa-
tions, H and V for pola:ization, are used in this The paucity of published data on
,report. Horizontally polarized radiation, H, is the electromagnetic properties of materials in the

that portion of the radiation for which the elec- NMMW spectral range may require interpola-
tric field vector is parallel to the horizontal tion between Infrared and microwave prnperties.

reference plane (the XY plane in fig. VI-1). Ver- The nomenclature used in the infrared s nectral
tically polarized radiation, V, is that portion of range implies that measurements are done on
the radiation for which the electric field vector is plane sections of material, the dimensions of
orthogonal to the horizontally polarized field which are large compared to a wavelength, and
and orthogonal to the direction of propagation, that ew random polarization and bistatic condi-

Circularly polarized radiation is designated by ions are used unless otherwise specified.

the letter C. Cross. section values are qualified by Bidirectional relectance, Q" is
letter pairs-such as HH, VH, HV, or Biietoa r c

/V-where the first letter specifies the polariza- defined by
aloe of the transmitted radiation and the second PtGQ'cosUicusesAIAr1r(rt)r(rr)

letter speciks the polarization of received radia- Pr_" (10)
tion. The thermal emission of radiation is often
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Equations (9) and (10) yield the relationship be- dent. Rayleigh's criterion for specularity of a sur- ,

tween bistatic oo and e' as face is

"a 4-19' cos61j com s, (11) Ahrms co 81 < A/0 (16)

Data may be specified as reflectance relative to wher Arms Is the root mean square random
the reflectance of the ideal diffusely reflecting deviation of a surface from a plane section.
Lambertlan panel; that is, the equivalent reflec-
tance of a Lambertian panel which would result For a perfectly smooth reflecting surfare,
in the same received power, so that,

Qspec"db . (17)

and V1-2. 7 Radiometric Relations

o elco cos 0 , (13) The rate of conversion of hert
energy into radiant energy in the NMMW range

where Qrel is the relative bidirectional teflectance is proportional to the absolute temperature of the
or equivalent Lambertian reflectance. emitter. A blackbody surface is an Ideal thermal

emitter, which converts heat energy into radiant
A related reflectance is nt•st often energy at the maximum rate allowed by thermo-

reported in the literature for diffusely reflecting dynamic laws, The radiated flux per unit fre-
materials. This reflectance-.-the directional quency i!terval emitted from a blackbody is
hemispherical reflectance, or more commonly
diffuse reflectance, and sometimes just reflec- MV (18)
tance (without modifiers)-is related to the bi- A'

reflectance by integration over all where My - the spectral flux density em'tted,
scattering angles,

T absolute surface temperature, and
i/r2 -f2 fI/2 '0,8,+joZ~ ~ dd,(

Sdh- " fO g.(G, 6,, j,)cao•.,.LdGd$, , (14) wavelength at the band center.

where ,j is tacitly some angle about 5 to 15 deg Any real material eiMtt with less efficiency than
from sample normal and Qdh is the directional the ideal blackbody, The ratio of real body emis-
hemispherical reflectance, slon tc blackbody emission at a speciiied wave-

length is the spectral emissivity c(A) of the real
If e' varies only slightly with Os material, The emissivity In a specified diiertion,

and +s, then 0e, from surface normal for opaqute material is
Qdhi " t'(GJ) , (1i) given by Kirchoff's law:

where Q'(Oj) is the mean value of Q' for all
angles of scattering far incident angle 8i. 1 - 8 -e) (19)

Specular reflectance for smooth
material, Qspec, Is defined as the ratio of flux If Qdh(V) '# Qdh(H), then vinission will not be
reflecting at the specular angle to the flux inci- completely randomly poiarized.

92

.. ..... . ........ 4,' .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



,y

For a nonscattering gas, the emis- In a recent paper, Johnston3 inves-
sivity of a layer of gas depends upon the trans- tigated the availability of radar data in the
mittance through the layer. NMMW region. He found no full-scale radar

measurements between 140 GHz and 10 gnm.
0(.) - 1 - r(W) . (20)

The mnillimeter wave data which
have been found in the present literature searchSSince the thermal emission of a are all for the monostatic mode and primarily for

material in the NMMW range is proportional to frequencies of 94 GHz and below. These data
the absolute temperature of the material, a com- allow estimation of NMMW cross sections by ex-
mon practice is to use the temperature as a trapolation. The polarization for most available
descriptor of flux density. In addition, the mean- data is either horizontal or vertical, although
square noise current fluctuation in electrical cir- some of the measurements by Hughes were made
cults is also proportional to the absolute with circular polarization.
temperature of the circuit components, so that
the temperature is a substitute descriptor for cir- Hughes4 reported measurements
cult noise power. In this way, an antenna at 94 GHz with three military vehicles as targets.
temperature of T'K means that the feed line at The measurements are summarized in table VI-.l
the antenna is receiving noise power equivalent The three target vehicles presented simiara In-
to that of a purely resistive load at temperature tercept areas to the illuminating radar beam. As
T°K. Such noise power may come from a com- Is usual for metallic objects, their effective radar
binatlon of received flux and from local antenna scattering areas are larger than their intarcept
circuit elements. areas, Both the truck and the personnel car,-ier

have some flat surfaces and some pnrpendicular

VI-3. DISCRETE TARGETS DATA intersections of surfaces that reflect strongly
toward the illuminating radar. The tank surfaces
are nearly all curved, so that reflection from the

VI-3.1I Tactical Targets tank is more nearly isotropic. This probably ac-

counts for the lower peak and lower mean valueuIn general, the data base for for the tank.
discrete tactical targets is not extensive, for
NMMW frequencies. Until the last few years, The measured peak scattering
there have been few systems operating near areas at 94 GHz are not significantly larger tban
95 GHz; consequently, there have been few is commonly found at X-band. Specularly
Smeasurements. Recently, there has been in- reflecting plane surfaces, dihedrals, and corneis
creased emphasis on the 95-GHz window, and would be expected to exhibit gains of about 100
more measurements are being made. Hughes Air- times larger at 94 GHz than at 9.4 GHz, if they
craft Company and the Environmental Rmsearch remained fully specular and diffraction limited at
Institute of Michigan (ERIM)P have been making the higher frequency. Since the measurements
* 95-Glz measurements from the ground and show no appreciable increase of target gains with
from the air.* frequency, the reflecting surfaces can be asumed

to be too rough and too inaccurately aligned to

,________5. L. Iohnion, Subnrnlfllnter Wave Radar Technolog.y¥ (U), 22nd
"-1. R, Maxell, Environmintal Reikrch Institute of Michigan, Annual Tri-Seruvie Radar Symposium, Colorado Springs, CO (6-8

ERIM 123800-2-L (m8 November 1976), (CONFIDENTIAL) July 1976), (CONFIDENTIAL)
Editor's Note: set Selected Bibliography/ (Ch IX) for additit .,a 'M. F. Beebe, 1, Salzman of al, 94 GHt Sens.r Tower Test

references on target mauasroments, Note particularly the work of Program: Final Report, Report NO, MSG 6507R, Mi•ite Syste•is
Currie St al at tile Georgia Institute of Tethnology, Group, Hughes Aircraft Comnlparny (February 1976),
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remain specilar and diffraction limited at the peak at about -50 dB i3 due to distant terrain.
highetr frequency. Measuremenits made by the The wider and lower peak il due to the tank and
Ballistic Research Laboratories (BRL)i at 94 GHz foreground terrain.
show- effective scattering areas as a function of
target aspect angle. Large effective areas were
found at broadside aspects. Measurements that-
avoided aspects ascociated with theL* large
values show scattering areas aboult equal to the-
projected areas of these targets, or slightly less.
This characteristic viriation with aspect angle
should be present at higher frorlvencies.

Near-monosttati. measurements
by Redstone Arsenal' at 95 CHz were mdde on
several types of military vehicles. The nairow iI-
lumirtating beam was scanned acrosts the vehicle 8
and background terrain, Histograins ýof signal r
values from an M-48 tank are ,+own irt figures
VI-2(a) and (b). A 2-in, diameter go~ld-plated
sphere was used as a reference. The large narrow

-90.9 -70.0 -50.0 -30.0 -10,0 0 10.0 30.0
1K. A. Richer, D. G. Baugrle, andI 1. F. Knox, 94 GHz Radar Cross CM065 SE0TION/nm 2 (dB)

Section o'f Vehicles (UI), Ballistic Resaerchs Laboratories ORL-MR-2491
(lusts 2975), AD C002 505L. (CONFIDENTIAL)

'BX D. Gsjenti,.r, Submnillifnetor Wave Researcli: Insdex of 3,2 mm FiueV-()HstgaofM 8anadsron-
and 10.6 yms Image Data Tapes, U.S, Arno, Missile Research and ~ueVZs.Hsormo -8tn n urud
Developtnent Command TR.77-2 (1 rebruary 1977). ing terrain, HH polarization.

TABLE VI-I. OVERALL SUMMARY OF TARGET CROSS SECTIONS.-in2 at 94 GHz

Measurement by Beebe, Salzman, at al, Hughr's Aircraft Compats y, Missile Systemns Group Report MSG 65075R
(February 1976).

Exstrame values Cross-swection distributioni
rTarget -- Comments

Min Max Mean Median Both Standard
(80%6) perc~entile deviation

2
1As ton truck 15.2 1229. 130. 80. 120. 116. 25 Data points;

Dep ang~les:

3 to 9 deg

Armored personnel 18.9 1546. 130, 40. 115. 113. 45 Data points;
carrier Dep angles:

3 to 6.5 deg
Relative humidity: 58 to 95%

M-41 Panic 16. 116. 64. 30. 60. 48. 48 Data points;
Dep. angles

3 to 6,5 deg
Relative humidity: 48 to 81%A
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K tinental ballistic missiles, storage tanks, motor
32.0 pools, airports, and ammunition dumpsa-may

"be large compared to radar spatial resolution,
2R.O Some strategic targets are composites of many

24.0 smaller components placed in some character-
S24.0 istics spatial arrangement so that the geometrical

shape of the composite is often the key to their
20.0 detection rather than the radar cross section of

,,"the composite.
S 16.0

Calibrated high spatial resolution
12.0 images of these composites are suitable for esti-

mating system performance in the detection and
identification of strategic targets for systems hav-
ing less spatial resolution than that of the image

4.0 data. Without such images, one must estimate
the target characteristics by mathematical model-

00 I - .ing of the radiative properties of the com--90 .70 -60 .30 ,,-10 0 Io W
ponents.

INTENSITY

Fiiare Vi-Z(b). Histogram of M-4 tan. and surround- Expected Radiometric Contrast be-
ing terrain, HV polarization. tween Large Mi itarv Ships an the Sea,-The fl--

lowing reasoning is illustrative of the mathemati-
The scanned data were level sliced cal modeling approach for estimating the

and reconstituted in image form. Figures VI-3(a) radiometric contrasts between large ships and the
and (b) show the locations of the scattering sea for a nadir view. One may expect that the
regions at signal levels relative to the signal level emissivity, L, of sea water viewed at normal in-
of a fully illuminated 1-ma cross section at a cidence is I - e (sea), where the reflectance is
14.6-m range-the approximate rapge of the given by
tank. / 1'(i

#(a nr +I/(1

There are additional small +/

amounts of classified data on high-frequency where nr is the real part of the index of refrection
measurements of military targets Such informa- of the water.
tion will be found in Volume IV of this study.

According to P. S. Ray,* nr varies as shown in
V[-3.2 Strategic Targets table VI-2. The reflectance and normal emissivity

No report of NMMW radar cross are calculated.

sections of strategic targets was found. Call- According to the Manual of
brated scanned images of reentry vehicles were Remote Sensing" (166, fig. 4-134), the emissivity
made by Hughes Research Laboratories' at for normal incidence changes only very slightly
94 GHz. Analysis of the data has not been for different sea states (see fig. VI4). The emis-
reported. Strategic targets--such as military sivity for microwaves (X- and K,.band,) is about
ships, supply ships, military aircraft, intercon- 0.47.

'I. M, Bait, Miljniter and Infrared Image Scans of Reenitry Vehicle "PS. S, Ray, Applled Optfcs, vol. 11, no, 8 (Ai&gust . 72), 136-1844.
Targets, Techinlcal Report Calspan 239"J, Hw hes Resarch 'Manual Rcnimfte Sensing, uol. 1, American Socilety of Photogram-
Laboratories (Sepiember 1976). metry (1975).
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MAX RCS =0 D MAX RCS .10 DB
MIN ROB .10 DB MIN RO • ,20 DB
MRCS -10 0 REMOVED ACS =20 DB REMOVED

-10• *20) <-AJ S -10

MAS RCS , -20.01 MAX RCS, .25 D0
MIN ROCS -25 D0 MIN ACS -30 DE

MCS 252. 0. REMOVED RCS .30 DH REMOVED

.25 51 .2( .30 1IS 25'

MAX C.S, .30 DU MAX CS 35.•01
MIN ACS ,35 DB MIN ACtS 40 D0

RCt -305DB REMOVED RCS .40013 PLMOvtL

bS

*! *

U'..,.

.15! 1! 45.30 ,

MAX PCS 40 DB MAX HCS 4! IEt

MIN RCS -45 D0 MIN F8C-q V, 06

RCS .45 DO REMOVED HCH ,5 D•1HMOVED

S~.!. . ... ,I-;, .,.".'.
** a * d *

Figure VI-3(a). Level-sliced images of M-48 taitk, ani surrounding terrain (level-slicing Intervals in dB),
HIt polarization.

96

awr I&Wh ro



MAX ROa -3 DO MAX RCB - -35 00
MIN ROB -35BDO MIN RAD - .40 09
ROB - 433 09 REMOVED ROB - -40 00 REMOVED

-33< 1 -40'.51 S-35

MAX ACS .40 ON MAXNSI -4506
MIN K4 400 06 MIlN ASC -50 08
ADS R045.DRRIMOVED

MIN ICO .106 lN 106 .100

`6 4W 1'%-

MAX ~ MA ACCS 013 MAA 501
MIN ~ ~ ~ INO .80o9I AS 50D
ACS ~ ~ ~ OB .6W0098(MOVRCSD5 D

4,%

jFlo

Figure VI-(b), Level-sliced inmgee of M48 tank %nsd surrounding terrain (level-slicing Intervals In dB),
HV polarization.
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TABLE VI.2. PROPERTIES OF SEA WATER cantly less. Under high winds, the temperature of
,_ _ _the ship will approach air temperature, becoming

Redl part of slightly greater than air temperature during the
Wavelmngth Index of Reflectance EmIsuivity day and slightly lower than air temperature at

A (mM) of/msction Q £ night.

nr

0.3 2.3 0.15 0.1" During clear sunlit days with littlre
1.0 2.7 0.21 0.79 wind, the deck temperature can rise as much as
2.0 3.9 0.35 0.65 20 to 30 C above air temperature. On clear calm

10.0 5,9 0.50 0.50 nights, the deck temperature could weach the dew
30,0 8,6 0.63 0X37

10010 9.0 0.64 0.36point.

_ __ The large heat capacity of deck

materials will make the surface temperature lag
behind the maximum thermal income by 2 to 3

M - hours. A corresponding delay in cooling off can
no' be expected after sundown. The lowest
SWATR TRWEATURN, S. , temperature should be reached just before dawn.
I00. .One may normally expect ship deck temperature
IGO S• and sea temperature to be equal twice equal day.

--- --- 'it The emissivity of painted deck
so .s a KNOTS material is not known for the NMMW region. At

o. 25 om, E ̂ v 0.90 and at X-band, c ^v 0.01. Ob-
4 ao I viously, the contrast between ship and sea will

N AI 20o iS A N G LE, 0 id) depend upon this value. If the emissivity at 1 mm
,,,..,ra VI,,WANO ANOL,, S •,

Is still very small, then ship temperature will be
Figure VI-4. Theoretical antenna temperatures for sea inconsequential in the signature. One should
state as functions of nadir viewing angles and wind assume that £ is very small for wavelengths as
velocity, short as 1 mm until proven otherwise. The reflec-

tance can be greatly affected by paint cover when
The temperature of large ships at the "optical" thickness of the paint approaches

sea results from the natural heat exchange be- A/4. Assuming nr of paint of 1.5 and paint
tween solar radiation, sky radiation, and convec- thickness of 0,2 mm (thick coating), one could
tive heat transfer with the air. The effect of water achieve A/4 conditions at 1.2 mm. Absorption
contact is only secondary, except at the water bands in the paint could appear, however,
line. The internal heat generated and exhaust
stacks are insignificait contributors. Stacks are One can see from table VI-2 that
small compared to the entire projected deck area, the emissivity of the sea will increase with de-
and contributions of such hot parts are only in creasing wavelengths. If the emissivity of the
proportion to absolute temperature and the frac- ship is much smaller, as assumed, then the con-
tion of beam fill. trast will be due entirely to metallic reflection of

sky radiation from the ship and the combined
Naturally, the temperature of thermal emission and sky reflectance from the

deck material will change from above water tern- sea. Contrast should increase substantially. On
perature during clear days to below water tern- the other hand, an estimation of the reflectance
perature at night. Under overcast conditions, the of painted steel is made in section VI-5.2. It is
day to night temperature variation will be signifi- evident that significant spectral variation in the
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emissivity of painted steel could occur in the V14. 4 )ATA ON BACKGROUNDS
NMMW range due only to the Debye relaxation
effect in dielectrics. Such variations could make VI.4. 1 Terrain
the difference between a successful application
and an unsuccessful one. Two basic types of measurements

have been used to determine the radar scattering
Large Aircraft and Ballistic properties of terrain. One type consists of mea-

SMisaile .- In lieu of measured data on large surements from an airborne platform where data
aircraft and ballistic missiles in the NMMW from a wide variety of different terrains are
range, one must resort to Wimple mathematical recorded; the frequencies for most of these data
modeling of compenenta for estimating are less than 10 GHz. The other type consists of
radidnietilc properties. Just as for ships at sea, ground and laboratory measurements where a
the emissivity of the exposed materials of aircraft significant amount of data have been collected at
and missiles is the central issue in radiometry. 35 GHz, with some data at 94 and 140 GHz.*
re expected metal coating is either paint or an Modeling is employing to estimate terrain 0o up
anodization of the metal. The spectral properties to 300 GHz, The interpolation of low-frequency
of anodization coatings are completely unknown data to higher frequencies can be seriously in er-
in the NMMW range, One may surmise that the ror If the electromagnetic properties of vegetative
effects might be negligible until proven other- materials change significantly in the NMMW

wise. However, a trend towards the use of range, Such a possibility Is described in section
nonmetallic substrates--such as graphite- VI-5,
epoxy-adds further complications to estima-
tions, since the electromagnetic properties of The polarizations for 0o measure-
graphite-epoxy materials are also unknown in ments are usually VV, HH, and HV, The cross-
this spectral range, If the coating is transparent, polarized 0o (HV) is usually 6 to 8 dB lower than
then'the properties of the substrate will govern tht. parallel-polaiized oo. In the monostatic case,
the radiativc properties of the vehicle, the return from the ground is highest at depres-

sion angles near 90 deg because of specular
Atmospheric emissions caused by reflectance from the ground.

high-altitude vehicles may occur in two ways.
Morastatic Cross Sections of Ter-

(1) The exhaust plume may emit rain .- Aerospace Corporation", measurements
thermally or absorb radiation due to transient of a number of horizontal surfaces vhow a nor-
chemical sprtcies, malized radar cross section, Oo, essentially inde-

pendent of frequency from 40 to 90 GHz at
(2) Exhaust products may cause depression angles front 90 to 45 deg. Reflections

catalytic reactions with in situ photochemically from concrete, asphalt, and wood all appear to
excited gases, yielding larger emissions than be nearly specular. Surfaces of gravel, sod, and
would be expected from the same concentration weeds appear to reflect more nearly isotropical-

of simple Planckian thermal radiators. The re- ly. Measured values are shown in figures VI-5
cent concern with Freon gas catalytic reactions through VI-11, The large 0o values at normal
with ozone indicates that the understanding of incidence are typical of specular reflectors. The
such processes in the upper atmosphere is far three nonspecular surfaces exhibit backscatter
from complete. For such a complex environment, nearly independent of depression angle. These
neither mathematical modeling nor laboratory measurements indicate a little larger backscatter
experiments are likely to lead to convincing oH. E. Xhg and C.1. Zamites, nrraipn BackscatterMMeaurmentt, at
results, There appears to be no other recourse 40 and 90 G14h, Aerospac Corvorallo", SAMSO-TR.70-220 and

TR-0066 (3816-40)1 (junt 197•),than to make high-altitude measurements to ac- Fdttor' Note: sit Selecled Bibliography (Ch IX) for addltional
quire data. rofermnces on terrain measuremenlts. Note particularly the work of

Currie st al at lhe Guoolia Instltute of Technology,
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at these frequencies than has been found at X- values appear to be nearly independent of fre-
and K-band frequencies, in agreement with quency.
theoretical considerations regarding surface Measurements by BRL"2  at

backcater.140G ~ indicate that the a. of vegetation is
10 dBl greater with leaves than without leaves.

0 IT GRWL BRL measurements at 94 Gl-z indicate that a.
0 fronm "dirt and weeds" at 8d less than 1 deg is

A ~-22 dB. This small value of Go correspond to a y'
a" of -5 0. The y for dirt and weeds is similar to the

A WVy found by Ohio State Universityls for tall oats in
0 Nethead.

ANGLE OF INCIDENCE (deg) WATER
Figur Vt-3. Mean~ 00 for wet and dry gravel, 40 to Is NO TO 90 GNal

90GH~z.
0 3100OOm

Is

0

o-s

ANGLE OF INCIDENCE (deg) -RIPPLED

Figure VI-6. Mean oo for wetk and dry tail weeds, 40 to
90 GHz.-0

Values of 00 at 94 GI-z, published ' MOOTH

by Hughes Aircraft Company, are shown in
figure VI-12 and are in general agreement with
the Aerospace data. The data are for low-
depression angles rather than the high-depression
angles of the Aerospace data. Radar a0 measure-
ments published by the System Planning Cor- a to 3 .30 0

poration1 ' are shown in figures VI-13 through ANGLE OF INCIDENCE (deg)
VI-17. The ao of concrete and asphalt is shown Figure VI-7. Mean oo for smooth and rippled water, 40
rising with frequency from 1.0 to 120 Gl-I in to 90 CHz.

isfigure VI-17. Plowed fields show some increase________
of oo with radar frequency. Crop and tree oo "1*. E. Kamnmerer asnd K. A, Richer, Cross Section Meaasurements of

(I U.S. Army, Targ~ets by 140 Gl~z Radar U), Ballisict Research
Laboratories BiRL-MR-1785 (Atigsst 1Wd), AD 378 097, (CONFIDFN-
TIAL)

"L. D. Strom, Applications for Millimeter Radars (U), Report No. 11W. H. Peake and T, L, Oliver, The Response of Terrestrial Surf aces
108, Systetm Planning Corporation (December 1973), AD 529 566. at Microtoave Frequencies, Ohio State University AFAL-IR-70-301
(CONFIDENTIAL) and ESL.244L1-7 (May 1971), AD 884 106.
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90 GHz. Figure VI-9. Mean 00 for wet and dry asphalt, 40 to
i• ~90 GHz.

A publication by the Norden
SDivision of United Aircraft 14 contains 70-GHz lake/sea, farmland, woodland, and desert,"' The,

data. The Oo from a macadam surface is given as dashed lines in figure VI-18 show the median
G-40 dB at Od- 9.2 deg, value of oo and the median ± the standard

*deviation for farmland clutter. The models for
To investigate the signal-to-noise the other terrain types are similar. .

ratio in the Overland Radar Technology Pro- ,

gram, the Illinois Institute of Technology During their examination of ex-
Research Institute (IITRI) developed models of perimental data, IITRI found that the difference
the behavior of ao with depression angle; the between horizontal (HH) and vertical (VV) po-
models developed were for broad terrain classes, larizations was less than variations in the meas-

"1, Chanit, L, Kosmoskyh K. Koeetr, and 1. GoldLa.her, Study of "L, 1, Greenstein eitl, A Comnprehensive Ground Cluhttr Model for
Airbore Millimeter Radar Techniques, United Aircraft Corporation Airborne Radars, lIT Research Institute, Chicago, IL (September
ECOM.O2125-F (Oune IWO), AD 373 641. 1969), AD 861 913L.
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uremenia; consequentially, horizontal and ver-
tical polarizations were lumped together In the -M

measurements. IITRI also concluded that there -

was no significant variation of oo with frequency ~ ~ ~
from 0.3 to 10 GHz (except for desert), and the
models cover this frequency range.

-".
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The conclusions in these represent the upper and lower extremes within
references are based on airborne data taken at which oo is expected to lie for a monostatic
frequencies of 10 GHz or less and ground data radar. This figure is the IITRI farmland model
taken at 35 GHz or less, To determine how Oo extended to a 5-deg depression angle.
behaves at higher frequencies, millimeter back-
ground measurements from three sources'°'"'" Images of snow-covered terrain
were plotted on figure VI-18. The two vertical have been made at 35 GHz with the use of the
lines near 4- and 25-deg depression angles repre- airborne AN/APQ-97 radar." Measurements of
sent data from the Georgia Institute of Technol- y for various snow-covered terrains were also
ogy (GIT) at 94 GHz. The cross-hatched areas measured by OSU,10 The influence of nominal
are Hughes data, also taken at 94 GHz. The solid depths of new snow is reported to be negligible
lines from 45 to 90 are Aerospace data from compared to the influence of the underlying ter-
averaged measurements in the 40- to 90-GHz rain." However, the old snow mixed with ice
band. The figure lists the backgrounds measured. may result in significantly higher values of y. A
The dashed lines in the figure represent the IITRI 2-in. (N50 mm) snow and ice layer covering con-
farmland model, crete is shown by OSU to yield 10 to 15 dB

"greater y than for bare concrete, Also, images of
The millimeter measurements regions of old snow display an anomalously high

agree with the IITRI model; hence, this model return." The cauc, for the higher returns is not
appears to be a reasonable estimate of terrain known, but a possible mechanism is intimated to
reflectivity at 300 GHz. Figure VI-19 is an esti- be the retroreflecting power of ice crystals in old
mate of 0o for typical terrain with horizontal and snow with dimensions of the order of a
vertical polarizations at frequencies of 10- to wavelength." If that is the cause, then these
350-GHz. The solid line in the center is the esti- "anomalous" returns may be expected to become
mated median value of 0o, and the dashed lines more frequent in the NMMW range, due to the

increasing frequency of occurrence of small ice
crystals.

Bistatic Cross Sections of Ter-
S- rain .- The amount of available bistatic terrain

oo data is evidently quite small; only six
----------- references were located and only four of these

provide independent data. No data have been
located for the 0,3 to 3.2-mm wavelength region.

/ In fact, the shortest wavelength for bistatic 0o

data appears to be -03 cm. BRL has published
bistatic scattering measurements." These data

______-._____________ ____j_ indicated that forward scattering decreases as the
SoEEPSSIoN ANGLSE, (d.0) illuminating frequency increases and as the graz-

Figure VI-19. Eatimated oo vdues, 10 to 350 GlHa, for ing angle increases, not entirely consistent with
H and V polarizations, monostatic operation (IITRI) data presented below.
farmland model extended to 5-d•g depression angle.

"H. K. Rkin and E. LTTZaines,. Terrain BYckscatter Measuremnenta at "MattuaI of Remote Sensing, vol. 11, Amerlea,, Society of
40 to 90 GCH, Aoroopace Corporation SAMSO-TR.70-220 and Photogrammetry (1975),
TR-0066 (5816-41)-l (dune 1970). 1'"R. L. Cougriff et at, Terraih Scattering Properties for &-tisor System
"IN. C. Currie et ae, Radar Land Clutter Measurement at Frequvecies Design, rng•lneerl,•g Experiment Statiohn Bulletin, Ohio State Ufiverai-

of 9.5, 16, 3J5, and 94 GHz, Georgia Inst it•te of Techknology (April ty, Colhtbus, OH (May 1960),
1975). 1K. A. Richer, 4.4 tna Wam'iength Near Earth Propagation

'iM, E. Beebe et at, 94 GHt Sentsor Tower Teot Program, Hughes Measurpments, Ballistic Research Laboratories BRL-MR-1403 (Mav
Report No, MSG 65075R (February 1976). 1962), AD 331 098.

104

. ., .



Figure VI-20 shows the envelope from -37 to + 12 dB. The oo for rough sand and
of data points measured by the Royal Canadian dry grass terrain patches exhibits much less
Air Force" using a two-aircraft measurement variation.
system. For all these measurements, the trans-
mitting antenna radiated straight down (01 -

0 deg). The receiver aircraft flew abreast of the -.- ,
transmitter aircraft at various distances in order A--- A Um IN 7 "
to receive at different values of Os between 21 j " O r-M
and 83 deg. Since the results for flat farmland
and hilly terrain are quite similar, they are 1 "
lumped together in the figure. Note that oo
ranges between -20.5 and -6.5 dB.

*0 (deg)

Figure VI-21. o. versus S. for HH polarization, 01 -

20 deg and 4. - 0 deg, 3 cm,

Figures VI-22 and -23 show OSU
plots of a versus +s for relatively large incidence

and scattering angles (Oi - 0, - 70 deg and 9j -

___.--------- 0s - 80 deg, respectively), Note that, in most
"0. (log) cases, there is a significant peaking for specular

Figure VI-20. oo versus O0 for HH polarization, e1  reflection (Gs - 0). Note also that 0o values for
0 deg and +g - 0 deg, A w 3 cm (flat farmland and the smooth sand vary more widely than those for
hilly terrain), the loam or soybean foliage, although the differ-

ences are not as pronounced for 8i - 80 deg as
The next four figures show the for O1 - 70 deg. For 01 - 70 deg, Oo for smooth

results of measurements made by OSU' I.2-1.14. on oand ranges from -43 to +21 dB.
small controlled terrain patches using ground in-
strumentation. Figure VI-21 shows oo versus Os --

for 8i - 20 deg and +s - 0 deg. Observe how Oo
for smooth sand peaks at the specular angle (8s 0 0- $ANDIWOoTHI

- 20 deg). Note also that 0o for smooth sand ex- \ 41--. - IOVIAN FOLIAU

hibits the widest variation; its Oo values range

"1W, H. Pooke and T, L. Oliver, The Remponme at Teriestrfal Surfaces ~ .~-
at Microwave Frequencies, Ohio State University, AFAL.TR-70.301 -o - e, .... ...- , A
uad ESL-2440-7 (May 1971), AD 8s4 10., 

,A

"Its 1. Starkey, B.-Static Ground Scatter Measuremaents in X.Bend-- .
and the Ground Scatter Jamrmar Parasmaters (U), Directorate of E1vc- " N -" --

tronic Watfare S957-104.3 (DEW), Air Force Headquarters, Otlawj,
Canada (September 2963). (SECRF T)
"S, T, Coat, Meaasurementa of the Distatic Echo Arta ot Terrain at

X-Band, Ohio State Unluersity Report No, 1822-2 (May 1965),"11, A. Rupks and G. S. Raswelifer, invaestigation of Ground It. -5 0 1 [ -. ! !
luminaries at Radar F~requencies (U), AFAL.TR-65-204 and6148-17.F, 0 o 20 40 so 0 1 It 1" 111 IS
The Unlveraity ot Michigan, Willow Run Laboratories (September 4o (deg)
I16M), AD 366 232. (SECRET)

*Referencts 23 and 24 each provide a complete At of the datu. Figure VI-22. 0. versus +a for HH polarization, 8j - 0,
Reference 13 presents much, but not all, of the -unoe dats, i 70 deg,. A 3 cm.
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*' Recent bistatir og measurements
have been made by ERIM.1' The next two figures
show typical results. Like most of the previously

* ----- N tMa• discussed data, a 3-cm wavelength and HI-I
polarization were used; the incidence and icatter-

.-,. ' Ing angles are relatively large, ranging between
"--67 and 85 deg.

Figure VI-25 shows ou versus +s (0
-" ~to 55 deg) for flat terrain (gras and a cement

, ramp). Note that the dpi pointc. ra:ige between
0 0.66, 1 ,., In. to W M -17 and -7 dB. N,,'e ;dso that *here Is no signifi-

cant variation in o, -a function of +a. This is
Figure VI-23, oo versus 4, for HH polarization, 01 - 8s believed to be due to considerably less homoge-

-80 des A - 3 cm. neity in the terrain area as compared to that

measured In the OSU program.

All the previously discussed co
data were for HH polarization. Figure VI-24
compares OSU data taken at HH, VV, and
croseed HV polarizations for smooth sand and at
i-AS5dep, Note that HH polarization gives the A I + + + +

strongest response for most values of +e. Also, P + + + + +
HV values are the smallest much of the time, - -a

especially in the near-specular (0 deg 4 4s <
10 deg) directions and the backscattering (> 90
deg) directions.

sjf IS14 30 46 x

" --.--...- v ow AiATM 
01

&. - - - .6 WO.RIZATIWS
" --.- * WM•AM1AIW, Figure VI-25. a. versus +1 for HH polarization, 01 79

deg and 0s M 85 deg, A - 3 cm (grams and cement
-t" \ramp).

Figure VI-26 provides the enve-
lope of the ERIM data points collected for an
area of tall weeds and scrub trees. Here again,
there does not appear to be any clear trend with
"+s. The abrupt level change in the vicinity of 4s

I , I i - 85 deg is believed to be due to experimental er- j

0, M ,4 rors related to the fact that the first and second

Figure VI-24. oa versus 4. for 01 - - 85 deg for 'R. W. Larioni, ',Z-,Mamjurvmets of BiHtattc Scttvring Coefficients
UsintgAir-Groi Cohierent Inptruint r ttatlon, Enuloimn.ntil Rewarch

various po•erIzatIons, A - 3 Cm. Intltutu of Mi hiian Report I1m200-14-F (April 1977).
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halves of the data curves were measured on curves should be helpful In making c~timates for
separate passes. It is shown that 00 values range particular situations,
from -27 to -0.5 dO.

Radiometric ObcrtinbFore-

ground Fo iage .- According to McGee,'1
________the obscuration by foliage of a target thermally

emitting 35-GHz radiation is related to the visual
obscuration. He offers the empirical relation

B 210.103 + 1,598' - 0.706)" (22)

where B is the apparent radiometric blockage;

T - OT(oliap) + (I - B) T(target) , and

L L B' is the visual blockage, I.e., the fraction of the
*, (d")I target covered by foliage as viewed from the

receiver and T is the radiometric temperature,
Figure VI-26. 0. versus +, for HH polarization, 01 67
to 76 dog, 86- S0 dog, I - 3cm (tall weeds and McGee's relation will probably hold true for
wmnb iree). shorter wavelengths as long as y for vegetation is

approximately constant, It may fail for wave-
Target-Background Contrast lengths near I mm due to possible changes In the

Data . -Target-ackground contrast meas- electromagnetic properties of vegetation (see
urements have been made at 35 and 70, as well sect, VI-5.1) and painted steel (see sect. VI-5.2).
as a few measurements at 94 CHz In support of
the terminal homing data bank at the U.S. Army V-14.2 Atmospheric Emission Data
Missile Research and Development Command.
Some of the types of measurements are described NMMW background radiation at
In table VI-3. high altitude (144 kin) for space-ward viewing

radiometers Is reported by J. R. Houck et al,"~ as
It seems clear from the data 1.514W/m'srin the band from 0,4 tol.3 mm andI

discussed in the previous paragraphs that bistatic about 0,3 uW/mlsr In the band from 1.2 to
00 values can vary widely, depending on the par- 1.8 mm. The anticipated radiation from a 2.7 K
ticular measurement parameters. In the absence blackbody residual radiation from space due to
of other information, we shall assume that the an expanding universe would be about
bistatic return-like the monostatic-is constant 0.4 pW/inasr in the 0.4 to 1,3 mm band.
with frequency above 10 Gliz so that
measurements made from 9 to 10 GHz will in- For further discussion of at- I

dicate the order of magnitude of bistatic oct for mospheric emission measurements the reader IS
radars operating from 10 to 350 GHz. With referred to Chapter I and numerous references in

smooth surfaces at angles near specular, ao is the Selected Bibliography (Chi IX) (Gibbins,
likely to be -5 to 5 dB; the values for rough 6ur- Sokolov, Klinzi, Staelin, and Aganbekeyan).
faces are likely to be -10 dB near specular. Away "R, A. MMe Millhi etor Wave~ Raduiopmetric Dotecthion of Tagt
from the specular point, 00 values for terrain will Ob'scurva by Fodliage, Ballis tic Rwsarr), Laiboriaturinles i1t ~ :

be -5 t -1 dB 00 an ropto 30 dB or less far (Iaiuary 1W6), AD 66? 962.
be~~~~ ~ ~ ~ ~ ~ -1 o-0d.a a rpt 1.R Hoiuck ot .'f, Tito Far Infrarod .,nd Stib,,,ilhontotr Backgrowiid,

from the plane of the incident field. 'The data Corne'll Uniiuergity N1 Septembe'.r 1972), A)P 763 139,
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TAKE VI-3. MILLIMETE TARGET AND BACKGROUND WASUW3DVIENTS

&S-CHt. passive M60, MiS, Mi, tank, Deowe brush, Sperry Microwave Joint MJCOM-Eglin APS1 effort;` El~in AFS, FL
e nd fat/cm mortars, isowltter, words tower-musnted sensors

rocket launscher,
trucks, convoys

35 GN&, fsn/cw MU, Mil, tanks Gran, lýruls,. - Joint MICOM-PRL. effort." RedstonseArsenal, AL
woods helkopter-mounted sensor

33 GI-i, pulsed M41 tank. truck, Dense brush, General Dynamics Joint MICOM-Esjin AFB efforts Eglin APBS, FL
M113 APC wo"d lower seeker

35 G;Hx, fm/cw MU1 tank, M113 APC Gran, treas Sperry Microwave Helicopter-mo~unted sensor'1  Reatsorni Arsenal, AL
wet soil, primarily wet backgrounds

* ~ai~ort ruwsay,
road.

33 Gib., pulsed Will tank, M113 APC Grams, bruash, Martln-Marietta, Tower end helicopter mountoe Redstone Arsenal, AL
woods

70 G~lt, pulsed M411 lank, M113 APC Gran, woods Norden/United Joint MICOM-ECOM effort;/ Redstone Arsenal, AL
Trchniology tower-mounted sensor; poisri-

tation diversity; variable pulse

width

93 GH& M60 tank - Honeywell -TARADCOM, Warren, ~

36- and 94-GH&, F
toreign armored Grass Georgia Instl. of Joint Army-AVr efforti tower- Aberdeen PG, MD

pulked targets Technology mounted sensors; simultaneous

Sperry Microwave 3S- and 94-GHz nsaaiurements

33- and 94-GHx. MU tank, M113 APC Grass Sperry Microwave joint Army-DARPA tower; Redstone Arsenal, AL *
pulsed helicopter-mounted sensors;

simultaneous W5 and 94-GM.;
monostatic and bititatic data on
targets and backmrounds

17, 33, And MU8 tank, M113 APC Grass, brush, Georgia Instl. of Investigate polarisation and Redstone Arsenal, AL
94 GHz cargo trucks woods Technology frequency agility; target/

background characteristIcs;
tower-mnounted senaores
Iintiated May 77

'Air Fo Artwiensml Lwsboroftyn, K. bonsd Raditimeter Tow~er Tent (U), Eglitt AFH, FL. (Juoe 19*!2) AFATI.-TR-.2-123, ItE-rN-fl23, (CONFIDENTIAL)
1
'Antty Terminal flewing Sy1mposiumss Proreedtings. Millimeter Wa/ve Measurements for reviinal)1forwing (1I), U.S. Army Mossile Cornunans4 (24.2S April 19t73).

(CONFIDENTIAL)
r128.S Arnil Missile Conotend, Millimeter Target Measurements and Seeker Effort (U), Technical Report RE4-?62J (anuary 1976). (CONFIDENTIAL)

5 '1~~sperr Micrtussut Electronics, trnt/romMtilnieter Sensor Torsot-Bnrkgrosnd iAsremurtnto 0U, SI1242-7914-1. Final Report. Contract LOAAHOI-74-C-0602 (Aplgwt

1975). (CONFIOENTIAL)

' Martn rietta, Dr Range Processor Test Prograin, MICOM Tent Pr'ptoga (U), Report No. OR 14,147 (Final Report froms 26 ?enur11t to 26 March 1976). 1
(CONFIDENTIAL)

INarsien Dictieolo of United Teclinolt~ois Corporotloss, Millbmeler Radar Test Prozrum, Report No, TE-CM-fl-6 (Final Report from" May 197o to February 19711),
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VI-5. MATERIAL PROPERTIES AND which should vary in frequency in accordance
TRENDS INDICATED BY SIMPLE with the complex dielectric constant of water. An

MODELING empirical relation between the complex dielectric
constant of water and the complex dielectric con-

Even though target and background scat- stant of corn and grass leaves at a frequency of
tering and emission may not be measured at the 8.5 GHz is given in the Manual of Remote Sens-
desired wavelengths, it may be possible to ing' as
estimate what reasonably could be expected from
a knowledge of the constituent material proper- t'(1eaf) - 1.5 + im'(water)

ties and from applying simple modeling con-
cepts. If one uses relation (3), which separates the
material properties, the geometrical shape, and i(hea - 0.001 + , ,i

the size factors, one may estimate trends in a and
oo on the basis of the expected trends of each fac- where m - weight fraction of water in the leaf (0
tor. < m < 0.6).

VI-5. I Liquid and Solid Water The leaf thickness of many
temperate-zone plants is about 0.3 mm so that

P. S. Ray$ published values of the one may compute the leaf specular transmittance
real and imaginary index of refraction for liquid and reflectance for a leaf plane section at normal
and solid water as shown in figures VI-27 and incidence using Stratton's relation." The results
VI-28. The complex dielectric constant may be of such a computation are shown in figure VI-30.
derived from these data by use of the relations Since Oo 2A QG'A/Aj, one may argue that since G'

appears to remain constant with decreasing
' n,- - n" , (23) wavelength for other targets, then G' should re-

main constant for foliage, The projected area of

e - 2nrn, (24) the foliage is not wavelength dependent; thus, 0o

should vary as canopy reflectance, In turn,

where '-- real part of the complex dielectric canopy reflectance should vary with the specular

constant, reflectance for single surface scattering and asspecular transmittance and reflectance for multi-

c'- Imaginary part of Lhe complex pie scattering. One may observe from figure

dielectric constant, VI-30 that decreasing wavelength should yield no
significant change until A < 2 mm where some

nr- real part of the index of refraction, possible surprises in vo might be observed. For

and wavelengths below 0.1 mm, the canopy Oo
should merge with observations at 10.6 lm.

-ni-, imaginary part of the index of
refraction. Blue and Perkowitz• made reia-

tive reflectance measurements Qrel m IT' of grass

A portion of the spectrum of the complex dielec- blades and leaves for 0i - 12 deg, 68 - 17 deg,
tric constant is shown in figure VI-29, and 4, - 0 deg, the specular angle conditions.

Plane sections of materials con- 'Matinual of Remote Senuing, Vol. 1, Amerlnrn Society oftainng ater suh asleaes o veetaton nd hotogrammetry (1975).
taing w such as leaves of vegetation and tAe Stratton, Elertronmagnetic Theory, McGraw-HIll Book Com-

soil, will exhibit a reflectance and transmittance paony (1941)
"M. D. Blue and S. Perkowltz, Rflectluity of Common Materiala in

the Submillim'ter Region, IEEE Trmns, Microwave Theory and ITch,,

"P. S. Ray, Applled"Iptlcs, Vol. 11, no. 8 (August 1972). t&36-184, vol. MTT-25 (1977), 491-493.
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Figure 111-27. Analytic model of complex index of refraction for liquid water with a sample of experimental data
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q

- - The results are shown in figure VI-31. The mag-
nitude of Qdh must be greater than Qrel so that
the values shown are minimum values of Qdh.
The roughness of surface will determine the
degree of scattering into angles other than
specular angle.

144 5W4 6 N Ne

wll ,"mW! y " - -U * --I

F019R MAFLI LEM

WAVIUISfHSVR •

Figure IV-29. Complex dielectric constant, calculated OR RMlae.Ni

from Ray's curve for water at 23 C (' - n -,".

• •. PRISM GRAMI

'WAWAVUAMsRLW (O.0"Figure VI-31. Normal reflectivlty in percent for typical
organic matrial, and concrete surface for corn-

nparlon.

"~ -'----Perkowitz and Bean"l have shown
that molecular absorption bands of chlorophyll
also occur in the NMMW range, Figure VI-32

0 ,shows relative absorption as a function of wave-
number for chlorophyll (a) and (b). The short
wavelength limit of NMMW range is 0.3 mm, or

"I /33 cm"1.

Work on material properties and
spectroscopy in the NMMW region has been
underway since 1892."1 During most of this

"aS. Ptrkowltz an.1 B, L. Bean, Far Itfrared Absorption of
Figure VI-30. Normal speculr reflectance, Q, and Chlorophyll in Solution, lournal of Chemical Physics, vol, 66 (1977),
tranuAdtance, -r, of healthy green leaf (d -0.3 mam, 22312232.

"K. 1), Mbilar and W, G Rothchild, Far-hnfrarwd Spectroscopy,
m - 0.6). Wiley-Inteirscince (1971).
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period, fewer than 10 papers a year were pub- The very low values of the

lished, and only since 1Q65 have the number of Imaginary part of the index of refraction of iceSpapers per year approached 100. Because of the and the nearly constant real part will lead to very
lack of adequate experimental data, material little change due to frost cover. No surprises are
properties and trends must be estimated through expected for frost-covered surfaces.
simple modeling, Important parameters such as
the temperature dependence of the complex One may expect an increase in
dielectric constant of liquid water are not certain emissivity for thermal radiation when metals are
at present. coated with water drops or water films at least

0.2 mm thick, Using Stratton's relation, one may
calculate the absorptance of a water layer. The

j emissivity, c, for random polarization normal to
the surface should be approximately equal to the
absorptarice, a - 1 - Tr-Q

CH~a VI-5.2 Metals

According to Stratton,2 ' the
macroscopic electromagnetic theory is valid for
metals for all wavelengths greater than 10 j*m

t (all frequencies less than 30 THz), For almost all
angles of incidence, the specular reflectance, e, of
a metal for radiant flux Is given by the relation

e -1I 2V KIMTý-7-7, (27)

CLwhre w -2 n',

v - radiation frequency,S20 so 100 140 180 220

WAVENUMBER(om Km - relative magnetic permeability,
Figure VI-32. Far-infrared absorption spectra of
chlorophyll (a) and (b) In cyclohexane solution at fo - 8.854 X 10-11 farad/meter, and
concentrations of I mg/ml. The solid lines are drawn
on smooth curves through the data points. Typical o - conductivity of the metal.
errors are indicated.

Evaluation of relation (27) for Km 1- yields the
A computation for soil materials relation

that was similar to the one for healthy green
leaves indicates that the specular reflectance for Q I - 2.11 x 10-'1 ve , (28)
moist soils is not significantly wavelength
dependent. Any change in Oo for soils should be in MKS units.
due only to G' variations due to changes in the
degree of specularity, unless molecular absorp- '), A, Stratton, SIldtonmanotic Thcory, McGr,.HIIl Book Cooi-

tion bands appear. ptf (1941).
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A comparison of the calculated iron"' varies from 21 percent for a polished sur-
and observed values of 1 - a for various metals face to 63 percent for an oxidized surface, to 69
measured by -lHgen and Rubens is also presented percent for a red rusted surface. These values
by Stratton. However, using conductivity values should approximate the spectral emissivity at 25
in the Handbook of Chemistry and Physics, a pam for iron. The addition of dust, mud, dew,
better fit to observed values of Hagen and frost, grease, and oil to such iron surfaces should
Rubens is obtained using the relation alter the spectral emissivities also.

I-1 - 2,64 x 10`6V r-/o, (29)
Figure VI-33 shows the influence

Table VI-4 shows the results of using relation of various surface finishes of aluminum on the
(29) for predicting the normal spectral emissivity infrared spectral reflectivity. At 25-Mm, the
of metals (1 - Q), at 2.5 mm, 0.3 mm, and emissivity (1 - Q) may be anywhere from 10 to
25 jum. The observed values of thermal 80 percent, depending upon the anodization pro-
emissivity" are compared to the predicted spec- cess. Figure VI-34 shows the influence of painted
tral values at 25 jAm. In general, the observed surfaces.
thermal emissivity values at room temperature
(095 percent of blackbody radiation is between Clearly, there must be a transition
2.5 and 40 pm) tend to agree adequately with the between the emissivities at 25 1m to the emissiv-
predicted values at 25 grm. The major source of ities at 2.5 mm. The question is, "What is thevariation in thermal emissivity measurements is nature of this transition and at what wavelength

the variation in the surface preparation, does a significant change occur?"
F -issivity values for iron and steel metals in-
dicate that the magnetic permeability may be a A vital issue in the detection of
significant factor, even at 25 pm. Titanium also thermal emission from strategic tatgets such as
appears to deviate considerably from the large ships at sea is the value of thermal emissiv-
calculated value for Km - 1. ity of painted steel in this spectral range. A com-

putation can be made using classical
The common metals used in con- electromagnetic theory"' and Debye relaxation

struction of military equipment are aluminum, timeC3 to obtain the probable normal spectral
iron, steel, and titanium, Except for aluminum, reflectance of a plane section of a sheet of painted
these are the metals for which the reflectance steel. The emissivity for a direction normal to the
may be significantly frequency dependent. plate should be

Although polished metals should £(normal) - I - Q(specular), (30)

not reveal any new or surprising reflectance
properties in the NMMW spectral range, prac- if scattering due to roughness of surface is not ex-
"tically no polished metal surfaces will appear in a cessive. The results of the computation indicate
battle area. Some other form of surface that very important reflectance variations could
characteristics can be expected-rust and oxida- occur at wavelengths of 1.0 mm and less.
tion, paints and anodizations, along with rough
surface finishes. The thermal ernissivity varia- The computation employs the ex-
tions due to such surface characterizations are pected real and imaginary dielectric constants for
quite large, indicating that surface reflectance in paint with the Debye relaxation time, t, as a
the 25-pam spectral range is strongly influenced parameter. The assumption is made that no
by surface properties. The thermal emissivity of .I A. Stratto,I, Elvtoragetirt Theory, McGraw-Hlll Book Corn-

patty (IWI). ,
"W, Wolfe (e,.), HRandbook of Military Infrared Technology, Officf, "Charles Kliwi, Introduction, to Solid Staoe Physics, lohn Wiley wud"

of Nettul Risearch (1965), 797, Soros (1956).
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TABLE VI-4. NORMAL SPECTRAL EMISSIVITES OF METALS AND OBSERVED
THERMAL EMISSVITES AT ROOM TEMPERATURE

Mea Restlelty Norma spectral an"vitY (%.) Room temerature
poIk-cm TnA"11 th .. . themsal 0101"Wity (W•

Aluminum 2,824 0.15 0.44 1.54 2 1o5
Antimony 41.7 0.59 1.70 5.91 3 to 6
Anamic 33.3 0o.3 1.52 8.28
Bismuth 120 1,00 2.89 10.02

F Breas 7 0.24 0.70 2.42 2-
Cadmium 7,6 0.25 0,73 2,52 2 to 3
Climax 87 0.85 2.46 8,33
"Copper 1,771 0.12 0.35 1,22 1.5 to 3
Gold 2.44 0.14 0.41 1.43 1 to 2
Iron Kminl 10 0.29 0.83 2.89 21 cUt Iron, polished
Iron K,-100 10 2.9 8,3 29 21 cast Iron, polished
Lead 22 0.43 1.24 4.29 5
Mapq•neum 4,6 0.20 0.57 1.96 -
Mapralzn 44 0.61 1.75 6.07 7.6
Mercury 95,7.3 0.90 2.58 8.95 -
Molybdenom 5.7 0.22 0.63 2.18 5
Monel metal 42 0.59 1.71 5,93 15 to 20
Nickel 7.8 0.26 0.74 2.55 2.2
Palladium 11 0.30 0.88 3.03 3
Phosphor bronze 7.8 0.26 0.74 2.55 -
Platinum 10 0.29 0.83 2,89 1.6 to 3
Silver 1.59 0.13 0,33 1.15 2,2
Steel, E.B.B Kmi- 10.4 0.29 0.85 2.95 19 Stainless type 302

Km1; 00 2.9 8.5 29.5 19 Stainless type 302
Steel, B,B, Kmn.1 11.9 0.32 0,91 3.15 19 Stainles type 302

lKzl. 100 3.2 9.1 31.5 19 Stainless type 302
Steel, manganese K.n- 1 70 0.77 2.21 7.65
Tantalum 15.5 0.36 1,04 3.60 5
Tin 11.5 0.31 0.90 3.10 1.2
Titanium 5.5 0.22 0.63 2.18 16 to 20
Tungtert, drawn 5.6 0.22 0,62 2.16 5
Zinc 5.8 0.22 0,64 2.20 5
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Figure VI-33. Compiled-spectral refetivitiu. A - chromdc add anodize on 245-T81 aluminum. B - suluric
add anodize on 24 S-T1 extnrded aluminum, chemically miled. C - hard anodize (1 mil) on 6061-T6
aluminumt (35 AI/, 45 V, 20 F).
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Figure VI-34. Compiled spectral relflectivltles. A - flat white paint, Fuller No. 2M62 on 2-mil polished aluminum.
B - white epoxy rein paint of MS. C - flat white acrylic resin, Sherwin-Williams Mi9WCO-CA-10144; MIL-
C-15326-A Pretreatutent waah coating on 22-ml 301 stainless steel 1/2 hard. D - white paint mixed with pow-
dered glass, 7 mUl on polshed aluminum.
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Ij
molecular absorption bands are encountered in U3 - conductivity of steel,
this spectral range. 101 mho/m,

Using data from the Handbook of t Debye relaxation time of
Chemistry and Physics for dielectric properties paint, 10"' to 10-1" s, and
as a guide, one may assume that the probable"

relaxation time for paints may be anywhere In A - wavelength of radiation 0.1
the range of 10"0 to 10"" s. The relaxation times to 10 mm.
for good Insulating materials such as Lucite,
Teflon, ete' are about 10-1' to 10-11 s, according The results are shown in
to von ipple's measurements at 25 GHz. At any figure VI-35. The range of reflectance values at
given frequency, the relaxation time, t, may be 0.3 mm Is from 13 to 92 percent. The tempera-
determined from measurements of the complex ture of larTe painted steel ships will vary about
dielectric constant, so that sea temperature with the time of day. As long as

the emissivity of the ship is much less than the
I - I,/,.(l - 1), (31) emissivity of the sea, the temperature variation

will not influence contrast. For wavelengths of
wheresa , real part of the complex dielectric 1.0 mm and shorter, it is possible for the emis-

constant, sion from painted ships to nearly match the
radiation from the sea so that little contrast

S- imaginary part, and would be observed for detection purposes.

w - 2 wv, the angular frequency of inci- VI-5.3 Experimental Backscatter from
dent electromagnetic radiation. Painted Surfaces and Wood

The relations given by Stratton" Laboratory measurements" have
(pp. 511-513) are used for computation of reflec- been made of the reflectance of painted plane sec-
tance. The following parameters are used as in- tbons of aluminum at 0.89 mm. Only the mono-
put: static case was measured (Wi - 05, 45 - 180 deg)

as a function of 8i. The results (fig. VI-37 to -39)
d - paint thickness of 0.1 mm, show the variation in Qrel for these

samples at various incident angles.
rZ - relative paint dielectric con-

stant at zero frequency, Figure VI-36 is for an aluminum
3.35, substrate with a first paint coating of zinc

chromate primer and a second coat of
VI - relative paint magnetic camouflage forest green (MIL-E-52798). Figure

permeability, 1.0, VI-37 Is for an aluminum substrate with a first
coat of epoxy primer and second coat of

It- relative air dielectric con- lusterless white enamel. Figures VI-38 and VI-39
stant, 1.0, are for all-weather plywood. The grain direction

is that of the exposed surface.
- relative air magnetic perme-

ability, 1.0, The fact that nonzero reflectance
values are observed for 8i 0 0 indicates Either

• - relative magnetic perme-

ability of steel, 100.0
al. A. Strmtton, Eleciromasr¢•ic Theory, McGraw-HdII Book Com.- Private comrnunfration from B. D, Ga.thIr, Rekstone Anvenaal
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S7

that nonspecular scattering occurs from these materials at near normal incidence (81 -12 deg)
plane sections or that there are effects of beam for wavelengths of 50 to 500 jm. The results are
divergence of the source. Paint thickness anid sur- shown in figure VI-40. Large differences are meen
face roughness are not specified. The low value to occur in the 500-jam range.
of normal reflectance (9j - 0) on painted metal
could be due, at least in part, to losses In the VJ-5.4 Atmospheric Emission Model
paint layer from Debye relaxation of the dielec-
tric; however, surface roughness could also be One may expect nonscattering
responsible for losses through nonspecular scat- gases to emit NMM waves In accordance with
terirag. Measurements of qdlh by gonloreflectoni- thermodynamic laws, Let the spectral transmit-

etrinstruments-are needed to determine the loss tance through a homogeneous gas be given by

Blue and Perkowitz2' have - r(A, z) - e#, , (32)

measured the reflectivity of several common
____________where a(l) -spectral absorption coefficient and

A ~~"M, D. Blue ad S. P. ,*otvtz, R~effctivilif of Comm"On M40erils I"
the Wumigimute Rqlio", IEEE Tmm- n Mr. a Theory end
Toch., vol. MTT-25 (1977), 491-493,. distance throughthgo

V.

0'4

DESYE RELAXATION TIME

d-10*11 a

d-10-11

30I
0.1 Is .010.0

WAVELENGTH Immt

Figurte VI-35. Spectral specular reflectance of painted steel calculated with Debye relaxation time as parameter.
Paint thicknaa of 0.1 mun.
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Figpue VI-37. Relative reflectance versus laddent

The transmittance through a very thin layer of angle, A - 0.89 mm.
such gas is I)v(exo) - Ev(Z)'T(z,o), (36)

t(,.,z) -- I -- a(A)•z where T(Z, oa) is the transmittance from altitude,

Since no scattering occurs, the emissivity of the z, to an exoatmospheric altitude. The radiation
thin gas layer must be by Kirchoff's law, from such a layer, which contributes to down-ward spectral flux density AEFv (sea) at sea level is

M(A,AX) - I - 'T(A, z) - a(A)Az (34)

The contribution to upward and downward
flowing spectral flux density, AEv(W/m 2-Hz), is where T(O, z) is the transmittance from sea level
given by Planck's radiation law, to Z.

&Ev(z) - s(A, Az)Mv(A,T(z)] , ) The sum of the contributions of all such layers at
all altitudes, z, yields the expected atmospheric

where Mv[L, T(z)] - Planck's radiation formula emission observed either moving upward at an
for the temperature, T, at altitude z. The radia- exoatmospheric altitude or downward at sea
tion from such a layer, which contributes to exo- level.
atmospheric upward spectral flux density,
Allv(exo), is then Thus,
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INCIOITY &aNIU *I)OI l) Figure V1-39. Relative reflectance versus incident
Figure VI-s. Relative reflactance versus incident angle, A - 0.89 mm-wood with grain parallel to
a gle, A w 0.89 nm--wood with grain perpmndicular rotation axis,
to rotation axis.

place to place, and a measurement of a(l) as a

Ev(elo) - fo a(A)dz Mi,[A, T(z)lT(z, as) , (38) function of altitude.

It is common practice for a first
and approximation to assume a(,) to be independent

fo of pressure and temperature and to assume uni-
4g (sea) - fa(0) d, My[A, T(z)IT(0,z) . (39) form mixing of atmospheric constituents at all

altitudes; however, spectral absorption lines do
The total upward spectral flux density observed undergo pressure and doppler (temperature-
at an exoatmospheric altitude must Include dependent) broadening, and neither water vapor
radiation from the earth's surface so that nor ozone are uniformly mixed. Furthermore,

the assumption that only Planck's radiation for-
VE(exo, total) - EVexo) mula applies ignores the possibility of nonther-

+ (mal causes of radiation such as photochemical
processes in the upper atmosphere and transient

+ Q(A, tefrrln)Ev(ea)] (40) decay of metastable chemical species produced,
for example, by high-temperature exhausts. The

The data required to determine the spectral flux source of possible surprises in atmospheric emis-
density include the temperature profile of the at- sion lies in the possible existence of such "non-
mosphere which changes from time to time and Planckian" sources.
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Figure V1-40. Normal reflectivity (in percent) for common materials, Included are normally oxidized aluminum
surface (Al), aluminum sprayed with flat-black paint (black paint), olive drab paint on brass (OD paint), freshly
cut blade of grass (gras) and rusty iron surface (rust).

VI-6. SUMMARY The measured peak scattering
areas at 94 GHz are not significantly larger than

W-V6. I Discrete Targets those found at X-band. Since the measurements
show no appreciable increase with frequency, the

The only NMMW target cross- roughness of the targets can be seen to be assum-
section data available are for the monostatic case ing a more important role as the frequency in-
for tactical targets at 94 GHz and for selected creases. This behavior is expected to continue

targets at 140 GHz. (These latter data, which are Into the NMMW region,
classified, have not been included in this
volume.) Conclusions about other target cross VI-6.2 Background
sections at NMMW frequencies can be obtained
at this time only by extrapolation from the 35- to Monostatic measurements of
94-GHz region and by mathematical modeling, background cross sections have been made up to
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% GHz. A small amount of data has been molecular absorption appear in the NMMW
reported by BRL at 140 GHz. A model developed range.
for measurements taken at less than 10 GHz was
extended to obtain agreement with data taken at VI-6,3 Material Properties and Modeling
94 GlI-z. Because no other information is
available, this model was extended to 350 GHz to Modeling techniques that have
give an estimate of 0o as a function of depression been applied with some success at lower frequen-
angle. des are unconfirmed in the NMMW region. The

attempts made in this report at modeling
The only data available for bi- material properties suggest that significant varn-

static measurements are four independent meas- ations in electromagnetic properties can occur in
urements made at a wavelength of 3 cm. In the the near-millimeter range. Few experimental
absence of data, one must assume that the bi- measurements on materials are available, thus
static data are wavelength independent in order preventing confirmation of the modeling predic-
to obtain order of magnitude estimates of Oo. tions made in this report.
Making this assumption gives approximate
values of co of -5 to 5 dB for smooth surfaces The emission of the standard at-
near specular and -10 dB for rough surfaces near mosphere can be predicted with available
specular. In the NMMW range, one must expect models; however, the understanding of emission
most surfaces to appear rough. The extrapola- due to plumes and their interaction with the
tion of ao values for terrain may be seriously in upper atmosphere will require considerable ef-
"error i the Debye relaxation phenomenon and fort,

L
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I
VII-1. INTRODUCTION solute value (rather thao just the variability) of

the attenuation is even more challenging, Of
This chapter briefly discusses some of course, within the laboratory, these factors are, Sthe methods, technology, and current to a great extent, under control.

capabilities for obtaining data on propagation

and target/background characteristics, Included An accurate technique of outdoorare detailed descriptions of several laboratory measurement is illustrated in figure Vll-l(a),
and field facilities which have major experimen- which shows two trihedral corner-cube reflec-
tal programs. In addition, the editors have pro- tors, R, and Ra, at ranges d, and d from an
vided a detailed listing of institutions involved in antenna. The antenna is equipped with a simple
the experimental aspects of NMMW propagation small radar. Initially, R, and Ra are located
and target/background characterization. Areas beside each othtr and their rolativ reflecting effi-
of investigation and points of contact are in- ciencies are calibrated by alternately covering the
ciuded. reflectors, with a totally absorbing material. For

well-constructed reflectors, this calibration can
be obtained to an accuracy within 0.1 dB& The

VII-2. INSTRUMENTATION reflectors are then located as shown in figure
VII-1, at a separation of about 1 km. Since the '

VI-2, 1 Propagation Measurements separation can be measured accurately, and the
relative free-space atenuation to the two reflec-

The measurement of attenuation tors can be calculated, the absolute value of the
at NMM wavelengths, as influenced by gases and attenuation on the path (dA - dc) between R, and
aerosols in the open atmosphere, Is not a task to Ra is obtained by alternately interrogating the
be approached with abandon; this applies to reflectors with the radar and measuring the ratio
measurements on both terrestrial and earth-space of the received powers.
paths. Accurate measurements are difficult to , I
obtain because of N,

(1) Errors invohled in the system
4.

'",. ~~used to observe the attenuation itself, since this is .,., .,

a variable qua'ntity that depends on the amount ,,.,.,, H,,

of water vapor, fog, snow, rain, or clouds on the
propagation path. It Is knowledge of both the i4..Ai•jj{..
variability and the absolute value that Is

ty necessary for system design. 'A ...... ,t

(2) Errors in measurement of the Figure V1I-1. (a) Siting arrarpnent for AtMosphtrIC
parameters of the gases and aerostols (e g, densi- absorption measurements and (b) transmitted and
ty, etc.) that give rise to the attenvation, reflected frequency-modulated signal. A. B.1

Crawford and ), C. Hogg, Bell Systeam Tuch~idca'

On a terrestrial path, it is tempt- Iournal, tol, 35 (July 1956), 907-916,

ing simply to instrument a transmitter and
receiver for observing attenuation. However, The radar can be efficiently
stability of the electronics and variability in the operated with a single cw low-power oscillator,
performance of the antennas under various using the sawtooth frequency-modulation
weather conditions are factors that serlously technique illustrated in figure VII-i(b). Parzt of
limit the accuracy and, therefore, the credibility the transmitted signal is used as the local-
of the data. Further, measurement of the ab- oscillator pumi at the converter; the delayed
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signal reflected from R, and R2 (shown dashed in fog, rain, and snow can also be measured with jthe figure) results in an intermediate frequency, this method.
F, as shown. In changing from one reflector 0o the
other, the amplitude of the frequency mnodula- Outdoor measurements using
tion Is kept constant to ensure no change in frequency-modulated lasers, and trhedral corner
transmitted power. Only the period of the sweep reflectors are being 'exte~ded to the far Infrared at
is changed in the ratio of d, to ds, which results in Redstone Arsenal (information from W. L.
the same intermediate frequency for the two Gamble, MRADCOM). ascally,tistech-

60-GHz band. An example of the measurmenmt tion while slowly sweeping the average. frequen-
of atmospheric attenuation at 70 and 80 GI-l cy over an absorption line. Synchronous dotec-
(wavelengths of 4.3 and 3.8 mmn) is shown in tion Is then used, with the modulation essentially
figure VUI-2. About one year is needed to take differentiating the absorption line. With this
such date (from the cool dry days of early winter technique, relative spectral attenuation can be
through hurmid summer conditions), The measured with very high precision over short
dependenvre of attenuation on water-vapor con- paths. This eliminates such effects as at-
tent appears to have a strong quadratic comro- mospherically Induced scintillation, diffractionInent, as indicated by the curves In figure VHI-2. corrections, and deteictor nonlinearity, which
The intercepts of the curves at zero water vapor limit the precision of propagation ui~esurements.
are the attenuations by oxygen. Attenuation by Even detector spectral sensitivity effects and

source amplitude fluctuations con-elated with the
U frequency modulation~ can be eliminated by using

* the same receiver (wfth a suitable switching ar-
rangement) for monitoring both the transmitted
and propagated beam., Unfortunately, con-

* ~tinuously tunable, freq~uency modulatable
sources are not available with reasonable

A amplitude stability over significant portions of

A

The abundance of single spectral
£ £ lines obtainable from NMMW lasers does allow

A ~ Nsuch measurement techniques. MIRADCOM has
A hA 8 set uthfolwnexeiealparusfor

SA accomplishing the above. Two ordinary FIR
A A lasers have been fabricated in the same Invar

stabilized optical structure. Such a system as that
shown In figure VII-3 (using different gases with

0 ~ L L LL L... NMMW laser lines differing by only a few per-
ID cent In wavelength) will allow high-precision

A54OLLIT HUAdDMTY10m 2
I measurementi. over short paths with very small

Figure V1I-3. Measured dfPewndea'(e of teii trial path errors due to correction for diffraction effects,
(1.5 kmn) absorption on absolute humiditv. There are adequate known laser lines in the at-

mospheric windows to render this technique very
useful.j

'A. Bi. CrawfordansdD, L. Hogg, M~awurementofAfmoao.hevkAt- Itrrmtic echniques, have
tenuation sitmMllimeter W'avlon~ths, Bell System Technical journail, Itreo erc tt
Vol. 15 (Julty 1956~), 907-16, been employed for absorption measurements
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both in the laboratory and in the field. Burch' ogram consisting of a plot of amplifier output
describes H1O absorption measurements be- versus mirror position was recorded for each
,ween approximately 12.6 and 36.0 cmn'. sample and for the sample cell evacuated. A
Samples of either pure H-O, HzO + Ni, or air computer was used to calculate the Fourier trans-
were contained in a multiple-pass absorption cell form of each interferogram to obtain a spectrum
in which the optical path length varied from 121 proportional to energy versus wavenumber. The
to 469 m. Total pressure varied from approx- transmittance of a sample at a given
imately 2.3 torr to 1 atm, with values of H-O ab- wavenumber was determined from the ratio of
sorber thickness between 0.03 and 0.6 g/cm'. By the energy observed at the wavenumber with the
employing the different samples, it was possible sample cell to that observed with the cell
to investigate the self-broadening of the H20 evacuated.
lines as well as the broadening of N2 and air.

The spectrum of each sample was
-,o10AW SAW compared with calculated spectra based on

theoretical pbsitions, strengths, and widths of
the H1O lines. The absorption observed in the
windows was greater than that predicted by
theory.

On earth-space paths, the best
quantitative propagation measurements are"MOTOR made using beacons operating at the desiredFigure VII-3. Absorption measuring system, wavelength mounted in an earth-synchronous

saWellite. Attenuation measurements can also be
A high-pressure Hg-arc lamp with made using the sun, but these result in question-

the glass envelope removed served as the radia- able statistics of attenuation because of the ever-
tion source. A chopper blade that consisted of a changing angleA Passive radiometers can also be
12-mm thick crystal of NaCl chopped the energy used to measure attenuation on fixed earth-space
beam at 13 Hz. The NaCi was nearly transparent paths by virtue of the natural emission of any ab-
for v > 60U cm-1 and, therefore, only slightly sorbing constituent on the path. To obtain truly
modulated the energy at these high wave- quantitative results, such measurements are com-
numbers. Screens and polyethylene filters further pared with independent measurements of
reduced the sensitivity of the instrument to high temperature and water vapor taken by
wavenumbers energy so that it would not in- radiosonde4 and, for clouds and rain, by radar.
terfere with the measurement of the low-level
energy of interest at low wavenumbers. A VII-2.2 Meteorological Measurements
gallium-doped germanium bolometer cooied by
liquid helium detected the chopped energy. The Measurement of water vapor in the
detector output was amplified and demodulated free atmosphere has long been a challenge to
by a synchronous demodulator and displayed on meteorologists and physicists. The main difficul-
a strip-chart recorder. ty has not been to construct a device that is sensi-

tive to water vapor. Father it is a matter of pro-
After passing through the sample ducing a device that will measure over the com-

cell, the energy beam was incident on a
Michelson tnterferometer with a Mylar beam ~'D, C Hogg and T. S. Chu, Tho Role of Rain itt Satellite Com.a be m unications, IEEE Proceedings, DoL, 6.3, 9 (September 1975),
splitter. One of the interferometer mirrors was 1308-1a31
moved in steps by a prec', Ion screw. An interfer- 'M. T. Decker, ., R Weatwater, and F. 0. Guiraud, Microwave

Spistig of Atmospheric Temperature and Water, Navy Workshop on
Remote Sensing of Mapine Boundary Layer, Vail, CO (9-11 August

'D, E, Burch, Absorption of Infrared Radiant Energy COi and H2O. 19 6),
IIl Absorption between 0.5 and 36 cm"I (278 pm to 2 cm), Journal of 'B. 1, Mason, The Physics of Clouds, Clarendon Pres, Oxford
the Optical Society of Anrnnica, vol. 58, no, 10 (196M), 1382.1394. (1957).
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iF
S~~plete range from 0- to 100-percent relative described by Garland can be used to measure the ,

ili humidity, independent of temperature and other liquid water content by summing the total

S° environmental effects, and maintain calibration number of droplets captured in a measured
over long periods. Economy is also a significant volume of air.

• •factor in applications such as radiosondes. For

Sterrestrial monitoring of water-vapor content, The above are not suitable for col-

• the bst comromisein th otx foutdoor to measure large droplets, such as raindrops,
• r •propagation measurementin. It operates on the with radius greater than 100 •m.

principle of equilibrium between a saturated gas
- i.and condenstion on a cooled surface. These Replicating instruments use the

i"•devices now incorporate thermoelectric cooling, Formuar technique to capture the droplets per-
Soptical sensing of condensation, and electronic manently. Details on samplers and replicators
t feedback circuitry, resulting in high reliability, are given by Spyors-Duran.'
,:•: infrequent need for calibration, and good ac-
Scuracy and sensitivity. For earth-space propaga- Knolhenberg Optical Probes .--The
! tion, the comparisons are made with data ob- liquid water content is calculated through the

S~ talned by radiosonde, the conventional measurement of the number of particles over •he
I•..humidity-measuring instrument being the specifie~d size ranges of the instrument. The
Shygristor; these are fairly accurate at medium to theory of operation of this device is given by
y high relative humidities, but more research is Knollenberg.7  The instrument should be
i needed to provide a device covering the entire calibrated with water drops of known size before
Srange, accurate measurements of liquid water content

• can be determined from the particle-size counts.
,.', Measurement of fog involves

•'monitoring of two major parameters: the drop- Hot-Wire Liquid Water Content
Ssize distribution and the number of drops per Instruments .--The most common device for

i~i !volume. For direct measurement of particle sizes measuring liquid water content, the Johnson-
I ! In clouds, various impact and photographic Williams hot-wire device described by Neel,s is
i 'methods have been used, and the density of accurat• for cloud droplets less thain about 20 •m
! !water is commonly measured by tranumis- in radius, but it becomes saturated for a liquid

someter, water content greater than about 3 g/m3 and has
a lower limit of about 0.05 g/mL. A disadvantage

The sizes of clouds and their rela- of most hot-wire devices is the change In calibra-
tively short lives demand the use of an airplane tion because of cooling when they are operated
as a sampling platform. The following are some in mixed-phase clouds. Cooling due to rapid fluc-
of the more acceptable methods of liquid-water- tuatlons in air speed caused by turbulence will
content measurement, also cause errors in calibration.

Impaction and Replication In-
struments .--A suitable exposed surface records ,

the impressions of shapes of the particles; data . s trnM•u. t S octao. d t.
reduction is time-consuming. Problems arise rura Prp1erm.iesro, Measring heor Sin C~oncentat imcor, and Stnjc-

•'w ith determ inatin of the collection efficiency of cauuig. Devc , A tmospheri Technolog. 8, NCA R (1970. 3-.
the sampler and calibration of the impressions. 'R' C' knollenberg, The OpicalAru,~ AnAlternaiveto Sc~fler-

ittg or Extinction for Airborne Partlcle Size Determination, Jornal ofSlide coatings can from oil, magnesium oxide, Applied Moteornlogy, vol. 9 (1970), 86-103.
an abnflt eaiCodsmlr uh C. B. Ned.I A Heated.Wire Lilquid-Waler Content Instrument and ' ,
and cabon flm, togelatn, Clod samlere u lt ssu• of Initiai Fi/ght YTst, In loing Conditions, NASA Research"-

as the modified (now two-stage) May impactor Menorandum RM 45412.3 (1955). !
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Lyman-Alpha Liquid Water Con- VII-2.3 Radiometric and Radar
tent Evaporation Instrument .- Wexler and Measurements

Ruskin' and Ruskin' discuss a liquid water con-
tent meter based on evaporation, which employs As early as 1956,11 an extensive set
a vapor density sensor in which water vapor of measurements was reported at 8.5 mm on the
causes light abrorption in the spectral line of emitting and reflecting properties of common
atomic hydrogen at A - 121.56 nm. These surfaces such as grass, gravel, blacktop, shrub
devices provide a direct measure of water con- growth, and water, along with millimeter-wave
tent in all three phases. However, operation photographs of large metal objects such as ships.
with a dew point hygrometer is necessary in The technique involved use of a traditional Dicke
order to subtract the vapor density. Thus, the in- radiometer which measured brightness tempera-
strument will operate most accurately at a tures on an antenna scanned over a solid angle
relatively low temperature (near 0 C) where the several degrees squared, These data contain the
liquid water content probably exceeds that of the characteristics of radiometric backgrounds.
vapor. An instrument with a single sensor which
time shares the response due to the liquid water In measuring either radiometric or
and the vapor is currently being developed at the radar backgrounds, rather than scanning an
Naval Research Laboratory. The Lyman-Alpha antenna beam mechanically, it is tempting to in-
evaporation instrument has been manufac- vestigate phased arrays which provide a change

turered* for aircraft measurement of total liquid in the direction of the beam by the introduction
water content. The response t.me of tht- instru- of appropriate phase shifts in the transmission
ment as given by Ruskin is a few hundredths of a lines feeding the elements of the array. However,
second, which is an obvious advantage for flight in the millimeter and NMMW bands, the high
measurements through clouds, losses and low antenna efficienciet presently

achieved make arrays unsuitable for radiometry.
Rain Characterization.--Good But significant advances have been made recent-

technique exists for measurement of point rain ly on beam scanning using dual-reflector antenna
rate. Even the classical collecting rain gauge can systems; in that case, motion of a relatively small
be used to derive rain rate fairly accurately by feed may provide scanning over a significant
simply taking the derivative' of the recorded solid angle for either radiometric or radar
amount with respect to time. Tipping-bucket systems.

gauges are reliable, but become increasingly in-
accurate at high rates. Flow gauges which The direct field measurement
measure electrical capacitance as a function of method of determining the radar cross sections
rain intensity have a rapid response time and can of discrete targets and backgrounds is often cost-
measure high rain rates, but frequent calibration ly, and the results for one target or background
is required. Knollenberg, photographic" and op- may not be readily extended to others. A supple-
tical transmission'1 methods can be used to mentary method involves development of 2
measure drop-size distribution of rain. mathematical model of the interaction of NMM

waves with the common material components
'A. Wexler and R, E. Ruskin, Humidity and Moisture, vol. 1, Pri- which make up the target or background. The in-

ciples and Methods of Measuring Humidiy, in Case,, Reinhold teraction of NMM waves with components is'R S ublskla e opoai, LiudNaer Cork en DII6CE, Amoeic- aprrat"Publishing Corporatkoa, New York (1965). ,h measured in the laboratory, The appropriate
Technolon,, a (1976), U42. cross sections are then calculated by computer.
".E. A Mueller oud A, L. Sims, The lnfh,.nce of Sampling Volume on

Raindrop-Size Spectra, Proceedings of the 12th Conference on Radar
Meteorology! (October 1966), 135. A limited set of field measurements

"Ting-i Wang and S. F. Clifford, Use of RaInfall-Induced Optical
Scintillations to Measure Path-Averaged Rain Parameters, Journal of is required to verify the model, Once the model
the Optical Soclety of America, vol. 65, 8 (August 1975), 927-37. ,.

'NRL Lyman.Alpha instrument manufactured by General Eastern '31. H. Ring, Bell Tilephont Laboratories, Final Report
Corp., So Hunt St., Watertown, MA 02172, A-9-(12.2)-458 to Lincoln Laboratories (released 1962),
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has been verified, the model may be applied to sources, unless the source is powerful enough
targets and backgrounds which fall within the ex- and particularly adaptable to a specific applica-
tremes of the verification tests. An additional ad- Lion of interest.
vantage is accrued in the use of the mathematical
models in that they may be utilized to arrive at Analytical and theoretical work based on
much more general statements concerning the the above measured results and previous meas-
cross sections of a class of targets and urements of attenuation by water vapor is
backgrounds. needed to

0 Develop an empirical model that ac-
VII-3. RECOMMENDATIONS counts for affects of self-broadening,

nitrogen broadening, and temperature
Laboratory measurements of water vapor variations so that different atmospher-

attenuation with emphasis on window regions of ic conditions can be accounted for
low attenuation are needed to determine basic reliably.
physical properties:

0 Develop a theoretical model based on
(a) Pure HaO at different pressures to the strengths, positions, widths, and

determine self-broadening shapes of the H20 lines. Most atten-
tion should be given to the shapes

(b) HaO mixed with dry air at different because they are least understood.
pressures to determining broadening Contributions by any anomalous ab-

sorption factors should also be con-
(c) Both (a) and (b) over a wide range of sidered in this theoretical treatment.

temperatures typical of the atmosphere
Laboratory measurements on attenuation

(d) Careful measurements of samples of by minor constituents can be made, but these are
pure H20 and of H20 + N3 with H20 partial of low priority In view of most of the applica-
pressure at and near saturation tions of interest to the study panel.

Accurate field measurements on attenua- Field measurements at NMM wavelengths
tion in the lower atmosphere are vital. These of interest need to be made under adverse
measurements are needed to provide comparison weather conditions, in particular, fog, snow,
with the laboratory measurements. The priority dust, and light rain. It is preferable that these
assigned to each type of measurement will de- measurements be made continuously so that
pend on its impact of potential applications. For statistics of attenuation can be obtained in
example, if laboratory measurements at a climates of interest; appropriate instrumentation
wavelength of interest indicate significant for measurement of meteorological parameters
anomalous absorption near saturation, field form part of these observations.
measurements designed to check this should be
given high priority. Also, single-frequericy meas- For earth-space applications, NMMW
urements might be made with a particular source radiometric systems are required to determine at-
or detector that shows promise in a system. Such mospheric thermal background and attenuation.
measurements would provide a check for absorp- These measurements should be accompanied by
tion mechanisms that may have been over- radiosonde data for comparison and interpret&-
looked. However, tests of this sort should be tion, With appropriate improvement in
assigned low priority because of the large technology, a NMMW source could be launched
number of laser and other single-frequency to provide a synchronous satellite beacon.
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Quantitative field measurements are and plotted as they would be observed, with in-
needed on both radiometric and radar finite resolving power or with any desired spec-
backgrounds during various weather conditions, tral resolution.

Institute for Telecommunica-
VII.4. FACILITIES tions Sciences .- Measurements using a

microwave Fabry-Perot, resonator have been
The following list of laboratory and field made under closely controlled temperature

facilities represents a sampling of the more sigit- (<0.10 C) and pressure conditions to investigate
ficant national facilities that are currently avail- several gases, including water vapor and oxygen.
able for the stuidy of the NMMW atmospheric, The cell is presently operated at 22, 30, 60, 94,
target, background, and radar technology, and 120 GHz. For example, both absorption and

dispersion of pure water vapor have been
VII.-4.1 Laboratory Facilities measured at 30 and 60 GHz from 0 to 40

torr,' 4 and empirical relationships have been
Various laboratory facilities exist developed for the pressure and temperature

for the investigation of NM IAW absorption in dependence, the former evidencing the strong
gases. Some of the better equipped of these are anomalous quadratic behavior. However,
discussed in the following paragraphs, measurements on air of various relative

humidities have not yet been made, although the
ii C Ford Aerospace and Commun- equipment is sensitive enough for such meas-

rications Cororation .- This facility has a well- urements. Measurements at 230 GHz, would re-
equipped laboratory for the investigation of in- quire implementation of the cell with 1,3-mm
frared and NMMW absorption by gases. Among waveguide circuitry.
the facilities is a multiple-pass absorption cell
that can be used at path lengths up to more than The Environmental Research In-
1 km. Samples of a pure absorbing gas (such as stitute of Michigan (ERIM) .- A microwave
pure H30) or of a mixture of gases can be con- anechoic chamber the size of a small auditorium
tained in the cell at pressures from less than and operational up to Ka band is available; it is
10"- atm to more than 2 atm. The cell can be suitable for total cross-section measurements of
heated and controlled at any desired temperature parts of vehicles. A gonioreflectometer-an
up to 65 C. A variety of windows makes it possi- automated system for measuring the bidirec-

'I ble to investigate the absorption from the visible tional reflectance of small plane sectiona of
to the NMMW region, materials-is also available. Both coherent and

incoherent sources are bench mounted and
Ford also has a set of versatile directed toward the rotatable gonlometer plate.

computer programs to calculate the infrared and The receiver is mounted on a rotating arm so that
NMMW transmission of all permanent at- bistatic reflection may be measured and recorded
mospheric gases. The listing of line parameters on a punched tape. This system has been used at
compiled by AFGL forms the basis for the 10.6 pim and shorter wavelengths, but r.ould be
calculations. Various parameters such as extended to wavelengths as long as 2 mm with
temperature, total pressure, partial pressure of suitable sources.
HO or other absorbing gases, and path length
are accounted for. Effects of continuum absorp- 1H. 1. Liebe, Stu-ies of Oxyget, and Water Vapor Microwave Spec-
tio or attenua•tion by particulates can also be in- tra under 5imulated Atmospheric Cosditions, Office ot Telecommuni-So a ............. . prti e cn ao be i cations Report OT 75.65 (June i75); vauilable •rom U.S. Government
cluded. Transmission spectra can be calculated cPrintin Office, Washinton, DC 20402,
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Night Vision and Electro-Optics medium and the other with the ab-
Laboratory, ERA56M_.--n conjunction with sorbing trace pollutant of interest. Ab-
its own laser propagation programs, the laser solute transmittance, the ratio of these
technical area has developed a 3-m index-of- two relative transmittance measure-
refraction cell for turbulence simulation. Such a ments, yields an absorption coefficient
cell might be used for laboratory simulation of for the absorbing medium.
turbulence effects for NMMW systems. A 4-D
computer code has been used for supporting Temperature range-ambient to
Army laser systems which are adversely affected +100 C (useful working range)
by turbulence. This code could be readily
available for the NMMW regime. Pressure range-0 torr to 2 atm

absolute
A 6-m, 152.4-mm diameter test cell

used for laser propagation measurements is Path length-84 m to 2.0 km
available and has been designed for circulating
aerosols or smokes. Supporting instrumentation This cell may be suitable for NMMW use-pro-
includes Royco and Whitley particle counters as vided the beam divergence on an 84-m path
well as a Thermo-System mono-dsperse particle could be controlled.
generator. Sources of NMMW radiation include
an Apollo optically pumped cw or chopped 0 Also available is a 2-m White
NMMW laser and multi-pulsed optically cell with the following characteristics.
pumped NMMW laser capable of both
laboratory and field tests, Both sources can Temperature range-20 to 100 C
operate throughout the 1,00-om to 3-mm band by (useful working range)
changing the pump gas. High-power optically
pumped N4M.W sources are currently under Pressure range-from the torr range to
construction for both laboratory and field use. 2 atm absolute

Smoke Facilities .- Laboratory Path length-8 to 168 m
work with smoke has been conducted in a test
chamber at Edgewood Arsenal (now the A NMMW beam divergence over
Chemical Systems Laboratory-CSL). The 8 m should be no problem.
chamber is instrumented for smoke character-
ization and optical propagation studies. 0 Aerosol analyzers are
Measurements at millimeter wavelengths have available for classification and sizing
been started in conjunction with the Georgia In- of atmospheric aerosol concentra-
stitute of Technology, tions.

Atmospheric Sciences Labora- VII4.2 Field Facilities
tor, ERADCOM .--Pacilities at the At'n-os-
pheric Sciences Laboratory at White Sands, in- Various facilities are available for
clude: making NMMW measurements in the field,

Some of these are listed in the following
0 A 21-m White cell is used to ob- paragraphs.

tain absorption coefficients for
gaseous trace pollutants by obtaining ERIM ,-ERIM maintains facili-
transmittance values f7: two cell con- ties for making microwave images, mneasure-
ditions-oiie with a nonabsorbing ments of discrete target cross section, back-
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LI
rounds, and material properties of plane sec- bulence, attenuation, or other propagation pro-

;,s for modeling purposes, os ground-based grams.
K.;'41 platform is available th.,., lotse enough
Wo r',, military vehicles lighter t6;en a lank. . Supporting instrumentation includes

I TlbTi re,.Nr is roof mounted so that orwe invy Royco and Whitley particle counters. Particle
measure either total cross section as a function of sizing is available from 0,015 to 50 y*m with J
azimuth angle or, by operating In the syninetic dilution capability for heavy concentrations such

aperture mode, high resolution images of the as smokes. Turbulence measurements are
target, avaiablc with both hot-wire anemometer or op-

tical techniques. Present plans include testing
An airborne multbandsystemhas and use of a field-portable 0- to 3-km

been completed, It operates in a mechanical scan- transmissometer using a real-world aerosol con-
ning mode with passive visible and near infrared, centration centrifuge and transmission cell
thermal infrared, 1.06- and 10.6-om lasers, and developed in cooperation with the Naval
94-G-z millimeter wave, all bore-sighted. The Research Laboratory. A high scan rate Block
beam width of the 94-GHz system is about 10 Engineering Fourier transform spectrometer is

Stmrad. The system should be able to make quan- available for obtaining broadband 2- to 14-pm

titative field measurements over large areas. transmission.

Electrical En!ineering Research Range facilities also include the
Laboratory (90L) .- The EERL at the Univer- 400 ft Oakhurst Tower, which is roughly 5 km
sity of Texas hs a nucleus of personnel with from the laser range and is visible to each part of
strong experience in the propagation of milli- the range. In addition, the Wayside range has

meter waves. This laboratory has sufficient several single point targets at distances up tosrn e8einei h rpgto fmli h ag.I diin h asd ag a
expertise to perform accurate outdoor measure- km and up to 13 km utilizing the Oakhurst
ments on attenuation by water vapor at a NMM tower.
wavelength using, for example, the calibrated
"corner-reflector technique discussed in section MIRADCOM . -MIRADCOM's
VII-2.1, capabilities in the near-millimeter spectral region

_ _ __ include:S~Wa • Propagation Laboratory,

National Oceanic andAtmosphericAdministra- Propagation measurements at
tion (NOAA) .- WPL has an on-going program NMMW laser wavelengths are currently under-
for ground-based, millimeter wave radiometric way on a range which is, at present, nearly com-
Smeasurement of total water vapor content on a pletely instrumented. Propagation measurements
zenith path. Measurements are also made direct- are being made serially at 744, 890, 1020, and
ly by radiosondes. This facility accommodates 1200 ,m, '

inversion of measured data to retrieve both
temperature and water-vapor profiles of the at- A cw heterodyne system is current-
mosphere. Noise temperature and attenuation ly under construction which will use two FIR
are measured and computed. lasers, frequency locked approximately 1 MHz

apart. One will be a master oscillator and theSNisht -Vision and Electro-optics other a l'cal oscillator. The system will also be

Laboratory, BRADCOM. -The 3.2-km Wayside able to operate in the pulsed mode. It will be
Laser Range (about 10 min from Ft. Monmouth) basically an optical mixer using mirrors and
is instrumented and used for various laser and beam-spliters. The pulsed system will be used for
radar tests. This facility can easily be made backscatter measurements; the cw system which
available for NMMW system testing for tur- is currently in operation will be used for
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simultaneous attenuation measurements. Opera- monostatic and bistatic modes. The antennas
tion wit] be possible in the wivriows at 730, 860, will be adjustable and have sufficiently narrow
and 1300 prm. beamwidths for making measurements indepen-

dent of multipath effects. It will also be possible
MIRADCOM also has an airborne to make measurements with this facility of at-

test facility which consists of a gyro-stabilized tenuation a backscatter in clear air, fog, rain,
platform mounted on a helicopter. Extensive in- smoke, and chaff. The 1-kHz PRFs, 100-ns
strumentation is mounted in the helicoper. This pulsewidths, and positionable range gates of the
facility is available for NMMW measurement system will allow investigations of temporal and
programs. spatial fluctuations of measured parameters for

ranges of 0.5 km or more at 220 GIz and 1.0 km
In addition to the range devoted or more at 94 and 140 GHz.

solely to NMMW propagation tests,
MIRADCOM has the following ranges. The MMF will be housed in two

large trailers that will receive electric power from
* A 5-km laser test range. a portable generating station. A second mobile

station is being constructed by the Atmospheric
* A 12-ki, clear view, point-to- Sciences Laboratory to provide complete meteor-

point transmission test range, ological characterization of the environmental
conditions during the measurements. Data ac-

e A 210-ft tower (F1 Facility) quisition and processing systems in the NMMW
(formerly a Saturn test tower) which and meteorological vans will allow real-time
has approximately a 1-km path from monitoring and field evaluation of experimental
the foot of the tower. Most of the results. The system is scheduled to begin opera-
5-km laser test range is available from tion in the fall of 1980.
this tower for small depression angles.
There is no practical weight limit on Follow-on plans for improve-
equipment that can be placed on this sent of the MMF capability include addition of,)
tower. Measurements at 3.2 mm are Fourier transform spectrometer for broadband
now underway on this tower to obtain attenuation measurements in the 90- and
target and background signatures. 400-GHz frequency range, and conversion of th,

system for coherent operation.
0 A tower 100 ft above the

5-km range (radar tower) is available Smoke Facilities .- The quality of
for tests. It has a working area of 300 smoke (and dus7t test instrumentation and
ft'. methodology has improved rapidly, over the last

few years. A variety of Army facilities exist for
Harry Diamond Laboratories open-air smoke tests that employ the appropriate

ERADCOM .- Harry Diamond Laboratories munitions detonated either dynamically or
is developing a capability for providing the data statically. The Office of the Project Manager for
base required for design of NMMW systems. A Smoke/Obscurants periodically stages tests in
mobile measurement facility (MMF) is being con- which well-characterized smoke (or dust, or
structed for this purpose under a contract with both) environments are produced, and many in-
the Engineering Experiment Station of the vestigators are invited to gather propagation or
Georgia Institute of Technology. This system system performance data in these environmento.
will allow simultaneous measurements at 94, Such tests, termed "Smoke Weeks," have been
140, and 220 GHz of radar cross sections of held at White Sands Missile Range and Eglin AFB
targets and background clutter in both the with future plans to be determined by
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community-wide data..requirements. Data VJI-4.3 Addendum-Facilities Listing
resulting from thes ".tWits (Smoke Weeks I and
II) as well as that from many others which the The organizations discussed
PM Office hds supported, are available from above were known to the members of the Prop-
that office. Future requirements for NMMW agation Subpanel a& being involved in experi-

"! smoke and dust propagation cktm should l i- mental programs concerned with the propaga-

tegrated into the many ongoing and planned ac- tion and target/background characteristics of
tivities. This integration can be accomplished NMMW radiation, While they certainly repre-

through the PM Office, which is the Army's sent a good portion of the work being done in the
throughlthe foca point for ch activities Afield today, a number of other institutions aresingle focal point for such activities, also involved. This has been demonstrated by

Georgia Institute of Technology the number of journal papers appearing in the

(GIT) ,-GIT Engineering Experiment Station last few years and in the talks given at such inter-
~ITi forIT tneertng performancenof popatian national symposia as, for example, the 2nd andSFacs-i~lities for the performance of propaga- 3rd International Submillimeter Wave Con-

tion measurements. A campus facility, ferences and the 1977 NATO Millimeter/Sub-
meteorologically instrumented for short ranges millimeter Conference.
of 600 and 1200 ft ('1182 and 366 m) is capable
of simultaneous measurements at wavelengths As a service to the reader, the
from 0.48 pm to 3 cm. Sources available include editors have provided the following listing (table
lasers (argon, COI, HCN, NMMW optically VII-1) of Institutions involved in the experimen-
pumped), a 300-GHz carcinotron, and tal aspects of NMMW propagation and target/
microwave sources at 230, 140, and 94 GHz background characterization. The organizations
and lower frequencies. A 5000-ft (1524-m,) ex- listed were drawn from the authorships of
tension of this range exists. Rain backscatter presentations and publications in the field over
measurements, radlometric measurements at the past few years, as well as from the personal
183 GHz, turbulence measurements, and contacts made by the editors and the subpanel
adverse weather propagation are current areas members. Names have been provided of in-
of interest. Off-campus facilities include a range dividuals who might be used as points of contact
in northwest Atlanta, GA, and a facility at for their respective institutions. Such a listing is
Boca Roton, FL (for sea-state studies and prop- destined to be incomplete and highly time
agation over water). Instrumented vans provide dependent; however, it should provide several
the means for propagation and target/ entry points for the reader who seeks contact
background measurements at sites of interest, with workers in some particular area. The
For example, snow-return measurements have editors offer their apologies for any errors or
been made with apparatus mounted in one of omissions, and hope that this listing of facilities
these vans. and points of contact will prove useful.
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TABLE VUIo. EXERIMENTAL FACNJTIES-NMMW PROPAGATION AND
TARGET/BACKGROUND CHARACTERIZATION

Iinsltution Area of Investigation Point of contact

1. Depa t nm t of the Army

Armaments R&D Command
(ARRADCOM):

Balistic Research Laboratory Propagation through aerosols (particularly smokes and Arthur LaGrange
(BRL) obscurants) target/background signatures Richard McGee

Aberdeen Proving Ground,
MD

Army Research Office Sponsor of basic research Leo Alpert
Research Triangle Park, NC

Electronics R&D Command
(ERADCOM):

Atmospheric Sciences Labora- Propagation through clear and obscured atmospheres; Donald Snider
tory (ASL) measurement techniques; propagation data bae; Kenneth White

White Sands Missile atmospheric modeling
Range, NM

Combat Surveillance & Stationary target classification William Fishbeln
Target Acquisition
laboratory (CSTAL)

Ft, Monmouth, NJ

Harry Diamond Laboratories Mobile Measurement Facility (MMF), operations and Joseph Nemarich
(HDL) maintenance; material reflectlvities;,multipath Gregory Cirincione

Adelphi, MD measurements

Night Vision h Electro.optics Propagation through aerosols; propagation through John Johnsoii
Laboratory (NVEOL) artillery barrages; turbulence studies; battle-

Fort Delvoir, VA field aerosol modeling

Missile R&D Command
(MIRADCOM):

Redstone Arsenal, AL
Missile Research Director- Propagation through clear air and aerosols; target and Richard Hartman

ate (MRD) background signatures; target material properties

Advanced Sensors Director- Target and background signatures and target George Emmons
ate (ASD) classification

Tank-AutomotIve R&D Vehicle signatures G. J. Mclnnes
Command (TARADCOM)

Warren, MI

Project Manager for Smoke/ Conducta Smoke Week field tests Anthony Vanderwall
Obscurants

Aberdeen Proving Ground, MD
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TAKE3 YE-. MWOMM~WTL IACUJTIS-NMMW PROlPAGATION AND
TARME/11ACKGROUND CHARACTIUIZATION (Coved)

Imelidle. Arsa of oVUehItipion Point of contact

¶ N.~~~~11 Department of the Navy_ _ _ _ _ _ _ _ _ _ _ _ _ _

Naval Research laboratory Radiomeatry; high-altitude signatures . Ben Yapkee
(NRL) James P. Holinger

Washington, DC

Office of Naval Usnearch) Atmospheric physics J. Hughes
(ON~R)

Boston, MA

M,. Department of the Air Force________

AP Geophysical Laboratory Aircraft measurements J. Cari"g
(AMGL)Vetclppaal maueet;satrnovrLLhcur[ liMansconb APB, MA

Griffiss APB, N .A ei

Air FormAnamn Target/background signatures Damu Mbeoglu

SJin AF0, PL

IV. Othe Government Agencies

National Aeronautics and Prupagatlon through clear atmosphere; snow backscatter; Nelson McAvoy
Space Admilnistration radinmetry J.L. King

Goddard Space Flight Center
Greenbelt, MD

National Oceanic and Atmos- Propagation through atmosphere David C. Hogg
pheric Adminirstration

Wave Propagation Laboratory
Boulder, CO

V. Private Industry

Block Engineerin~g Broadband propagation measuremients G. WyntlesIEnvironmental Research and Near-field effects R. K. Crane

Environmental Research Insti- Target signatures; material properties; near-field teats E. L, Johanson
tute of Michigan (ERUM) Gwynn H. Suits

Ann Arbor, MI
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TABL viliI. EXPUMWMNTAL FAOILITIS-NMMW PROPAGATION AND
TARGEr/UACIKGROUND CHARACTERIZA71ON (Cme&d)

lawtlutlstAreas l cinvestigation Poin of conftac

Fod-Aeronutronlc Division Laboratory propagation and backactter mneasuremanen D. E. Burch
Newport Beach, CA

(eorgla Institute of Propagation measurewents through clear atmosphere and jj.Gallagher
Technology Engineering werowlsi sea clutter; reflectivity af targets and backgounds; N, c. Currie
Experiment Station reflectivity and eindiuvity of snow and Ice R. D. Hayes

Atlanta, GA

Hughes Research Target/background signatures; multispectral imajing D. Lynch
Laboratories

Malibu, CA

Institute of Telecommunication Laboratory nmeasurements of gases H. j.Liebe
Scince

Boulder, CO

let Propulsion Laboratory (JPL High-altitude studlesi atmospheric composition IW. Waters
Pasadena, CA

Sperry Research Cente Target classification

University of California at Propagation R. L. Plambeck
Beriey

Berkley, CA

University of Florida Reflectance of snow R. C. Anderson

University of Teoa Propagation measurements A. Stralton

1..Omain sector ______________

Canada

University of British Rain measurements M. M, Kharadly
Columbia

Vancouver, BC

University of Calgary High-altitude measurnnents D. J. W. Kendall

Federal Republic of Germany

DFVLR Oberpfafenhofw~ Radar signatures M. Vogel
Wessling

FGA}1 Tranamnlulon and backscatter E. Barns
Wachiberg-Werthovon
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TAULI V1.l, EXPUDAMIlAL FACIU -NMMW PROPAGATION AND

TARGET/IACKGRUUND CHARACTERIZATION (Cmtrd)

lai"tudep Area of iavetigape Point of contact

Genman Military Geoolykcs Propagatio•n K. I. Pisher
Office

Italy

Institute dil Flu. HlI".aItitudt messurements E Dusolett

Netherlands

TNhO,-Phymcal Laboratory Propagakion and scattein in rain 3 nedet
ad the Natiunml Deense

TI"- Hague

Switsrlmand

University of Borm Atmosphlric studies K. F, Kunxl

Untied Kkgd~m

Admiralty Surface Weapons Propagation; sea reflectivity R, J. Sh,,well
Istablshovnw

rortsmuu•t Htnts

Apleton Laboratories Zenith massuremrtnid C, Gibbons
Slough, Ditton Park

Imperial Collg. Propagation; anomalous effects H. Al•stair Gibble
Lowdon

IMI Target signatures and inodelling Sid Woolcock
Weston supre mare Lw Cram

National Physical HIgh-altitude itudies I, E, Harries
Laboratory

Tedfingon

UnIverlity of Bradford Near field effects D. P. Haworth
Bradfordshirt

University of Cambride Absolute atmospheric messurements k. E, I llll

University Colleg, London Turbulence R. S. Colt

USSR

USSR Academy of Scilnce MIllImeter/e',bmllnimster pvopalmation A, V, Sokolov

143

I........ ......... ........ .............



CHAPTER VII.- LITERATURE CITED

1. A. B. Crawford and D. C. Hogg, Measure- 8. C. B. Noel, A Heated-Wire Liquid-Water
ment of Atmospheric Attenuation at Content Instrument and Results of Initial
Millimeter Wavelengths, Bell System Flight Tests In Icing Conditions, NASA i
Technical )ournal, vol. 35 (July 1956), Research Memorandum RM 454123 '

907-16. (1955).
2. D.9E. Burch, Absorption of Infrared Ra- . A. Wexler and R. E. Ruskin, Humidity

diant Energy COh and H-O. III. Absorpn- and Moisture, vol. I, Principles anddion Energy 0.5 and H0 cm-1 (278 Am - 2 Methods of Measuring Humidity in Gases,

cm), journal of the Optical Society ofNew
America, vol. 58, 10 (1968), 1383-1394. York (1965),

10, R. E. Ruskin, Liquid Water Content
3. D. C. Hogg and T. S. Chu, The Role of Devices, Atmospheric Technology, 8

Rain in Satellite Communications, IEEE (1976), 38-42.
Proceedings, vol. 63, 9 (September 1975),

1308-1331. 11 E. A. Mueller and A. L. Sims, The In-
fluence of Sampling Volume on Raindrop-

4. M, T. Decker, E. R.Wes.water, and F. 0. Size Spectra, Proceedings of the 12th Con-
Guiraud, Microwave Sensing of At- ference on Radar Meteorology (October
mospheric Temperature and Water, Navy 1966), 135.
Workshop on Remote Sensing of the
Marine Boundary Layer, Vail, CO (9-11 12. Ting-i Wang and S. F. Clifford, Use of
August 1976). Rainfall-Induced Optical Scintillations to

Measure Path-Averaged Rain Parameters,
5. B. J. Mason, The Physics of Clouds, Journal of the Optical Society of America,

Clarendon Press, Oxford (1957). vol. 65, 8 (August 1975), 927-37.

6. P. Spyera-Duran, Measuring the Size, 13. D. H. Ring, Bell Telephone Laboratories,
Concentration, and Structural Properties Final Report AF-19-(122)-458 to Lincoln
of Hydrometeors in Clouds with Impactor Laboratories (released 1962).

"/ and Replicating Devices, Atmospheric
Technology 8, NCAR (1976), 3-9. 14. H. J. Liebv, Studies of Oxygen and Water

Vapor Microwave Spectra under
7. R. G. Knolienberg, The Optical Array: Simulated Atmospheric Conditions, Of-

An Alternative to Scattering or Extinction fice of Telecommunications Report OT
for Airborne Particle Size Determination, 75-65 (June 1975); available from U.S.
Journal of Applied Meteorology, vol. 9 Government Printing Office, Washington,
(1970), 86-103. DC 20402.

144



CHAPTER VIII.-CONCLUDING REMARKS

by Shtaley M. IKulpa, Edward A. Drown, and Dominick A. Gigilo

1'4

,,,

145

f4

______PTER_ II.-OLDIGRMKSI



"Those who can't remember the past are condemned to repeat it,"

George Santayana's prophetic words bear, in As discussed in Chapter 1, a wavelength of
many ways, directly upon the current interest in 1.25 cm unfortunately corresponds closely to the
near-millimeter wave technology. Perhaps 22-GHz water absorption line, thus leading to
nowhere does this become more apparent than limited range capabilities for radar applications.
when one investigates the World War II activities The stage was thus set for the long controversy
of Division 14 (Radar) of the National Defense as to the utility of millimeter waves, Had the
Research Committee.' H. E. Guerlac, In his com- alternative 1.6 cm wavelength proposed by the

Sprehensive history' of Division 14, provides British been chosen, round-trip atmospheric
background on the activities leading to the devel- transmission over a typical target range of 20
opment of K-b.And ("4I cm) technology, One of miles would have been nearly 400 percent greater
the most significant decisions in this effort was and the -history of millimeter wave technology
made at a meeting held at Columbia University might have been quite different.
on 7 August'1942.

- The editors have had the opportunity to
The purpose of this meeting was to coordinate discuss the Columbia meeting and its impl!ca.'

the K-band work of various American groups tions for K-band research effort with Professors
and to prepare for eventual cooperation with the E. M. Purcell and J. H. Van Vleck of Harvard
British. The principal problem before the con- University. Professor Purcell, then head of the
feree" -was to suggest a standard wavelength so Fundamental Development Group (Group 41) at
that a coordinated attack could be made to open the Massachusetts Institute of Technology (MIT)
up the new band, In brief, the result of this recalled the meeting:
meeting was the adoption of 1.25 cm (24 GHz) as
the wavelength at which K-band ikork would The committee (in choosing 1.25 cm) was
proceed. The British had preferred 1,6 cm (18.8 oblivious to the theoretical predictions of
GHz) mainly because it was the second harmonic water vapor absorption. We should have
of an established X-band frequency. However, been aware had we done our homework, but
they bowed to the choice of the 1.25-cm we were not."
wavelength as a "compromise" between 1.6 cm
and the other most-consider*d wavelength of Professor Purcell then went on to describe his
1 cm. group's efforts with a breadboard, 1.25-cm radar

atop MIT's Bldg. 6, beginning in the fall of 1942.

"We were somewhat mystified since, as
'Suammary Technical Rboort of Division 14- National Dhon work proceeded for the next several months,

Rear-h Committee, Volume -Roalar, Washinat 1" VC (IM. thtb performance of various components of
1H, E, Guerlac, Radar In World War Ii, ,available from Library' nf

Congress Pholtodupllction Service, PB 93018 thiough PB 93621 (May the radar was improved, yet the operating
194es, range steadily decreased. What in fact we*PIrejerit at the tne#sttjrs were 1. Ko11oo and A. Nordwtick of Colupn-

bhia, E. M. Parcrll, N, F, Ramsey, H. V. Neher, C. G. Montgomery, eventually found was that we were observ-
and D. Mowitgomery of MIT, E, L. Giniton of Spirry Gyroscope; ing the onset of spring in New England and

•, G,. C, Scnahuworih, S. Robertso., antid r. M, Odarenk.o of Bn•lI. Cbotorit So.es, its associated increase in absolute humidity."
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In the spring of 1942, Professor Van Vleck, aspects of propagation in that region, it is unlike-
then a consulting member of the Radiation ly that these detailed results together with more
Laboratory Theory Group, had done prelimi- complex modeling efforts will significantly affect
nary calculations on the intensity and position of the utility of FLIR. In a similar fashion, the
the water absorption line near 1 cm. Results of NMMW atmospheric and target/background
some of his work were published In a 1943 community should be careful to focus on those
clamified report calling attention to the fact that areas which are most likely to directly impact the
the absorption peak occurred near 1.5 cm. Com- application of the technology. As a result of this
munications, however, with the K-band ex- study, several of these areas have been identified
perimental group, especially in the early stages of and are presented in summary form later in this
Van Vleck's work, were not timely and, as Pro- chapter.
fessor Van Vie&k mid,

Second, from the study It is abundantly clear

"Had I been more persuasive, the physicists that the current understanding of basic atmos-
and engineers at MIT might have been more pheric and target/background phenomena is
careful about their choice of quite limited. At a recent MIRADCOM work-
wavelength-one might have been selected shop on these effects, some of the observed
that didn't have the water trouble." phenomena were even classified as "spooky."

Another worker at ARRADCOM has expressed
Little really need be said as to the relevance of his frustration at attempted 200-GHz

this past history to the current thrust in near- measurements saying, "Every time we turned the
millimeter wave technology. The reader, having equipment on, we saw something different." The
digested the content5 of each of the previous point here Is that the real data base is extremely
chapters, ,lhould clearly see that our current limited and first-order engineering-type estimates
knowledge of NMMW propagation and target/ using a simple extension from microwave obser-
background effects could easily lead to the fulfill- vatlons do not appear to be sufficient. In addi-
ment of Santayana's prophecy. tion, the various atmospheric and

target/background effects are so strongly
Proper attention to NMMW atmospheric and dependent upon meteorological variables, that

target/background effects obviously requires a unless one specifies quite clearly the environment
careful balance between aggressive attempts at within which operation is required, the
systems development and a many-faceted, long- arguments pro and con as to the utility of
range, basic research effort to characterize effects NMMW technology become moot. The general
first. One purpose of this volume is to assist the solution for attenuation, backscatter, target
research community In obtaining this sort of return, etc. represents an extremely complex
balance and devising a well-directed, productive problem which can only be reduced to certain
program of research and development. In this tractable common elements of physics after
regard, two factors might profitably be kept in deciding on the desired range of operational
mind. weather environment.

First, a number of technologies have produced The relative importance of system develop-
elegant and proven systems with relatively ment as opposed to further research to expand
modest prior knowledge of atmospheric and the current data base can be illustrated by a sim-
target effects. An outstanding example is the ple example. Consider the propagation data base
very successful forward-looking infrared system requirements for the design of a high-resolution,
(FLIR), operating in the 8- to 14-Mim band. 220 GHz, ground-to-ground tracking radar.
Though research is still continuing on many Typically, the specifications guideline might be
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that the system operate to ranges of 2.5 km In a that the 220-GHz radar design problem has been
100--m visibility fog or a 4-mm/hr rain. Obvious- narrowed by specifying an environment whore
ly, an immediate requirement exists for reliable temperature is 273 K, thus yielding, at satura-
estimates of one-way transmission losses through tion, a water vapor content of 4.&8 S/mW (fig.
these cnvironments. II-i, Ch 11). In addition, for a 100-m visibility fog

the water density, QL, can range approximately
As the study of this volume will reveal, proper from 0.1 to 0.4 g/m1 (fig, 111-6, Ch III) depending

response to this requirement depends on a on the type of fog. As indicated in Chapter 1,
number of important factors: water vapor attenuation appears to be related to

the presence of liquid water in or near the trans-
(a) At what geographic location is operation mission path. However, for lack of a more quan-

required? Geographic as well as seasonal varia- titative relation to describe these effects, we
tions In humidity and temperature can drastical- assume that the effects of vapor and liquid in fog
ly (by 10 to 15 dB/km) affect clear air attenua- or rain are simply additive.

* tion.
Table VIII-I lists the best estimates obtainable

(b) What type of fog is to be encountered7 for the clear air water vapor attenuation from the
Though visibility Is an appealing characteriza- discussion in Chapters I and II. The limited
tion from perhaps the radar operator's point of calculations, chamber experiments, and field
view, it is insufficient for design purposes. The tests"' yield attenuation values (dB/km) varying
only reliable characterization In the NMMW by nearly a factor of seven.
region Is liquid water content. Fog with a visi-
bility of 100 m can, depending on its type, con- In Chapter II, fog attenuation was calculated
tain varying amounts of liquid water leading to based upon Rozenberg's' dielectric constant data
attenuation factors (dB/km) differing by a fector at 273 K. For a liquid water content varying be-
of four. tween 0.1 and 0.4 S/ml, the predicted fog at-

tenuation varies between approximately 0,8 and
(c) What is the temperature during the fog or 3.5 dB/km. As indicated in Chapter I1, there is

rain? The effects of lower temperature with near- some question as to the reliability of Rozenberg's
* saturation conditions have not been well- data. The temperature-dependent measurements

characterized and there is evidence to indicate recently published by Afsarl yield, when ex-
that such conditions may yield higher attenua- trapolated to 220 GHz and 273 K, a slightly dif-

* 1tions than expected. In addition, only very ferent range of values, 0.4 to 417 dB/km.
limited data exist for the temperature dependence However, the principal factor responsible for the
of liquid water dielectric constants necessary in uncertainty is still the variation of liquid water
the calculations of fog absorption. content of the 100-m visibility fog.

(d) What types of rain and wind conditions -

are to be encountered? Depending on conditions Metd W, Waters, Absorption and Emtiuion by Atmosphetric Gases,
ad Mthod of Eiperimental Phytsics, Vol. 12, Part A, Chapter 213,

(drop size, wind, spatial distribution, etc.) the at- Academic Press (1970
tenuation for a given rain rate can fluctuate 'D� T. Liewelln-Iones at a), Absorption by Water Vapour atseveral dB aie i 7.1 cm' and its Temperature Dependence, Nature, Vol, 274 (Aitgustseveral dB/km. 1978, 86-878..

'R, 1, Emiery et al, Measurements of Anomalous Absorption in the
Wave Number Range 4 cm" - 15 con"', lournal of Atmospheric and

To provide a perspective on the danger of saim- Terrestrial Physics, Vol. 7 (1975), M7-P94,
swhich do not account for ,V. i Rozenberg, Scattering and Attenuation of Electromaginetiplified predictions Radiation by Atmospheric Particles, Hydrometeorologicai Press, Len-

these various factors, it is illustrative to attempt ingrad, USSR (1972).

an estimate of the attenuation values based o Afsar and1. 1B, Hasted, Submnllimeter Wave Measurements•
curnetle o e a seumfo r thes mmednt f Optical Constants of Water at Various Temnperaturvs, Infrared
currently available data. Assume for the moment Physics. Vol. 19 (1978), 835-841.

149



TABLE VM.1. CLEAR AR ATTENUATION

Data source v (GH4) *H,o (s/me) a (d/kI)

1. Model-Gross line shape (T 300 K) calculation plus Gaut and Raernetlx 220 4.,5 1.9
correction term (273 K); linear acallr% with .o, (..hpter 1)

2. Model-Van Vi•.k/Weleopf lhw shape plus empiical corrction (T - 238 K); 220 4.85 1,6
linear scallnS with eH.O o y. (Chapter II)

3. Chamber measurements (T - 270 K). (Chapter 1) 213 N4.0 9.2
4.85 11.24

4, Reld menurement (T - 275 K) scaled from 216-m path to I km, (Chapter 1) 210 '_4,0 7.2
4.85 8.a

a Values for Oft,o " 4.85 g/ti' obtained biy linear seali.g,

As regards the effects of rain, the data in NMMW region and the Importance of precise
Chapters I and III clearly show that for a given specification of the various meteorological vari-
rain rate, attenuation can differ iignificantly, ables. This example is but one of many which
depending on various factors (drop size distribu- could be tabulated from th4s volume to demon-
tion, wind, etc.). Comparing available strafe the relatively meager technology base for

measurements and calculations,"' the best DIMMW propagation and target/background ef-
estimate for 20-GCHz attenuation by a 4-mm/hr fects.
rain vary between approximately I and 7
dB/km. TABLE VUI-2. BEST ESTIAATE OF 220.GH

ATTENUATION BY A 1C-in VISIBILITY FOG AND A
Table VIII-2 summarizes the resultant varia- 4-mm/lh RAIN (T - 0 C)

tions of total one-way attenuation during the fog

and rain conditions specified for operation of the One-way 1-km
radar. Considering the fact that for radars, Condition atteation (dB/km) trammslslon(%)typical total system error budgets are at worst
approximately ± 10 dB, uncertainties of 10 to 15

dB/km in the one-way transmission loss are Clear air 1.6 to 11.2 -

100-rn fog 0.4 to 4.7-
clearly unacceptable. The wide variations Total 2.0 to 13,9 63 to 3
demonstrate the relatively Immature status of

knowledge of propagation phenomena in the Clear air 1,6 to 11.2 -
4-mm/hr rain I to 7 -

'1. Snder, Rain Attpujagton of Millimeter WVaes at A - 5,77, 3,3, Total 2.6 to 18.2 55 to 2
and 2 mmo, IEEE Trnuactions cn Antennas and Propagation, Vol,
AP-2,J, No, 2 (March P1•5), 213-220,

'V, W. Richard, I, H. Kammerer, and R. c. Reitz, 140 GH: Amten.
tlion and Optical Visibility Menuremeua# of Fog, Rain, and Snow, Anticipation of this state of affairs was, of
U.S. Arya Ballistic Rearch Laboratory Memorandum Report
ARBRL-MR-2su0(Deember9). course, one of the principal factors which
I'D. T, Liemeliun.lone and A, M, Zavody, Rainfall Autntaio 'at motivated the entire Near-Millimeter Wave

110 antd 890 OHx, Eleetronles Letien, Vol, 7, No. 12 (1971), 321-322,
"W. P. M. N, Keiser, Shields, and C. D. de Haan, Rain Attenun. Technology Base Study, The various panel

lion Mieauremenssi at 94 GHi) Comparison of Theory and E.xperi, meetings, visits, discussions, and literature
m7)nt, NATO AGARD Conference Proceidings No. 245 (Februar studies have allowed for the Identification of key
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factors for providing program guidance in the TABLE VM.4. RECOMME?4ED RESEARCH
further study of NMMW propagation and THRUSTS (Cont'd)
target/background effects, These factors may be
summarized in two buic categories. Table VIII-3
lists those arm of a general nature which have
been highlighted as a ivoult of the study, These * Structured absorption in window,
general areas are accompanied in table VIII-4 by *
important, specific issues (not In order of priori. Quadratic densty depndencies
ty) which must be addressed In future efforts to * Low temperature end high humidity effects
develop a more mature technology base, Thereader may find appropriate expansion of these * Fog/cloud attenuation and backacatter-liquid and ie
various thausts and lssues in the preceding , attenuation and backwatter
chapters and the numerous references provided
throughout the volume, * Separation of water vapor and liquid effects

"Temperature/frequency dependence of liquid water
TABLE V1111. GENERAL AREAS OF VEMP"'.. FOR dielectric constants-varying salinity

DEYELOPMIfr OF THE NMMW PROPAGATION AND
TARGET/BACKGROUND TECHNOLOXY BASE Near pound turbulente-intensity and anile of arrival

fluctuations, power spectra

* 94, 140, W10, 343 GH* Temperature and humidity structure constants

* Field studies under statistically significant meteoro- * Sky temperature comparisona
logical conditions

High-altitude nadir radiometrc studies of clutter back-"* Adequate meteorological support gpounds and taru ott returns

Apparatus portability for site variability Material roflccfivities-var.qd surface conditions and
Broadband Fourier Transform measurements simultan- in

eously with single frequency measurements, Snow attenuation awid backscatter

System-specific measurements Snow ay~d moisture cover effects an target/background

- . returns

STABLE vm., RECO)MMENDED RESEARCH ThISTS 'Target scintillation due t,, changing aspe,:t angle

Plume emissiows, backscatter, and attenuation

Origin of anomalous absorption-line shapes, impact Coherent signature phenomena

assumptions, polymolecular complexes Meteorological statistics

Temperature and pressure dependence of empirical * Near field effects

correction term
SScreening techniques-smoke, dust, etc.

Comparison with infrared effects
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Although each of the preceding chapters con- 0. M. Essenwanger and M. Thompson, Jr.,
tame numerous refeances for particular specialty Workshop Proceedings on Millimeter and

* areas, the overall tone and content of the discus- Submillimeter Atmospheric Propagation
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